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ABSTRACT 

Thin  targets  of  low  atomic  number  were  assumed  to  be  bombarded 
with  25-Mev  electrons,  600-kv  X  rays  and  prompt  fission  gamma  radiation. 
The  resulting  high-energy  secondary  electrons  were  calculated  theoretically 
on  a  high-speed  digital  computer  with  respect  to  their  intensity,  energy 
losses,  energy  spectra  and  angle  of  emission  spectra.  The  results  show 
that  25-Mev  electrons,  600-kv  X  rays  and  prompt  fission  gamma  radiation 
produce  a  maximum  efficiency  of  high-energy  secondary-electron  emission 
of  8.0,  0.05,  and  0.3  percent,  respectively.  Experimental  results  from 
25-Mev  electron  irradiations  agree  very  closely  with  these  theoretical 
numbers.  An  experiment  is  planned  for  the  600-kv  X-ray  radiation  source. 


PUBLICATION  REVIEW 


This  report  has  been  reviewed  and  is  approved. 


QiA/iy  0 . 

Jerry  A.  Sawyer 
Lt  USAF 

Project  Officer 


Chief,  Physics  Branch 


Colo£^  USAF 
Chieft'  Research  Division 


iii 


TDR-63-50 


CONTENTS 

Page 

Introduction .  1 

Secondary  Electron  Emission  by  Prompt  Fission  Gamma 

Radiation  .  1 

Secondary  Electron  Emission  by  25-Mev  Electrons  ....  60 

Secondary  Electron  Emission  by  a  600>kv  Pulsed  X-ray 

Source  96 

Assumptions  and  Percent  Errors .  110 

Results  .  Ill 

Conclusions  and  Recommendations .  113 

Appendix  A  —  Prompt  Fission  Gamma  Program .  115 

B  —  25-Mev  Electron  Program .  1Z9 

C  —  600-kv  X-ray  Program .  149 

Bibliography . 159 

Distribution  .  161 


V 


TDR-63-50 


ILLUSTRATIONS 


figurg  Pftgg 


2.  1 

Relative  importance  of  the  three  major  types  of 
gamma- ray  interactions.  The  lines  show  the 
values  of  2  and  hv  for  which  the  two  neighbor¬ 
ing  effects  are  just  equal. 

33 

2.2 

Trajectories  in  the  scattering  plane  for  the 
incident  photon  hvQ  ,  the  scattered  photon  hv  , 
and  the  scattered  electron  which  acquires 
momentum  p  and  kinetic  energy  T  . 

34 

2.  3 

A  thin  absorbing  sample 

35 

2.4 

The  number-distance  curve  for  an  electron  with 
energy  E  ,  i.  e. ,  monoenergetic  particles. 

36 

2.5 

Empirical  range-energy  relationship  for  electrons 
absorbed  in  aluminum  with  data  points  shown. 

37 

2.6 

Experimentally  measured  absorption  curves  for 
monochromatic  electrons  in  aluminum. 

38 

2.7 

Gamma  flux  to  give  1  roentgen/ hour. 

39 

2.8 

Energy  spectrum  of  prompt  fission  gamma  rays 
from  fission  for  times  less  than  5  x  10*® 

seconds. 

40 

2.9 

A  typical  sample  division. 

41 

2.  10 

Diagram  of  the  probability  of  escape  . 

42 

2.  11 

Diagram  for  the  calculation  of  the  energy  of 
escape  E^  . 

43 

2.  12 

The  number  of  secondaries  escaping  S  as  a 
function  of  thickness  for  prompt  fission  gamma 
radiation . 

44 

2.  13 

The  number  of  secondaries  deposited  as  a 

function  of  thickness  for  prompt  fission  gamma 
radiation. 

45 

2.  14 

The  energy  of  escape  per  unit  path  length  as  a 
function  of  thickness  for  prompt  fission  gamma 
radiation. 

46 

vi 


TDR-63-50 


ILLUSTRATIONS  (cont'd) 


Figurg 

2.  15 

2.  16 

2.  17 

2.  18 

2.  19 

2.  20 

2.21 

2.  22 

2.  23 

2.  24 

2.  25 

2.  26 


The  energy  deposited  per  unit  path  length  as  a 
function  of  thickness  for  prompt  fission  gamma 
radiation. 


Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  0.01  gm/cm^  (aE  =  0.  1  Mev;  A6=  2°). 


Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  0.025  gm/cm^. 

Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  0.05  gm/cm^  . 

Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  0.  10  gm/cm^. 


Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  of  0.25  gm/cm^. 

Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  0.50  gm/cm^. 

Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  0.75  gm/cm^. 

Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  1.0  gm/cm^. 

Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiatb>n  incident  on  a  sample  of 
thickness  2.5  gm/cm^. 

Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  5.0  gm/cm^. 


Energy  and  angle  of  emission  spectra  for  prompt 
fission  gamma  radiation  incident  on  a  sample  of 
thickness  10  gm/cm^. 


£ag£ 

47 


48 


49 

50 


51 

52 

53 

54 

55 

56 

57 

58 


vii 


TDR-63-50 


ILLUSTRATIONS  (cont'd) 


figure  £aK£ 

2. 27  Energy  spectra  for  prompt  fission  gamma  59 

radiation  for  thicknesses  in  the  range  from 
0.01  to  10  gm/cm2. 

3.  I  Trajectories  in  the  scattering  plane  for  the  78 

incident  electron  Eq  .  the  scattered 
electron  E  .  and  the  secondary  electron  E. 

The  momentum  is  represented  by  p  . 


3.2  Energy  groups  for  the  25-Mev  electron  program.  79 

3.  3  The  number  of  secondaries  escaping  Se  as  a  80 

function  of  thickness  for  25-Mev  electrons. 

3.4  The  number  of  secondaries  deposited  Sj  as  a  81 

function  of  thickness  for  25-Mev  electrons. 

3.5  The  energy  of  escape  per  unit  path  length  as  a  82 

function  of  thickness  for  25-Mev  electrons  . 


3.6  The  energy  deposited  per  unit  path  length  as  a  83 

function  of  thickness  for  25-Mev  electrons. 


3.7 

3.8 

3.9 

3.  10 

3.11 

3.  12 


Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 

0.  01  gm/cm2  . 


Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  Incident  on  a  sample  of  thickness 
0.  025  gm/cm^  . 


Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 
0.  05  gm/cm^. 

Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 

0.  10  gm/cm^ . 

Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  Incident  on  a  sample  of  thickness 
0.  25  gm/cm^  . 

Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 
0.  50  gm/cm^. 


84 


85 


86 


87 


88 


89 


viii 


TDR-63-50 


ILLUSTRATIONS  (cont'd) 


Figure 

Page 

3.  13 

Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 

0.  75  gm/  cm^. 

90 

3.  14 

Energy  and  angle  of  omission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 

1. 0  gm/cm^. 

91 

3.  15 

Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 

2.  5  gm/cm^. 

92 

3.  16 

Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 

5,  0  gm/  cm^. 

93 

3.  17 

Energy  and  angle  of  emission  spectra  for  25-Mev 
electrons  incident  on  a  sample  of  thickness 

10  gm/cm^. 

94 

3.  18 

Energy  spectra  for  25-Mev  electrons  for  thicknesses 
in  the  range  from  0.01  to  10  gm/cm^  . 

95 

4.  1 

Energy  spectrum  from  600-kv  flash  X-ray  machine 
as  a  function  of  photon  energy. 

103 

4.2 

The  number  of  secondaries  escaping  Sp  as  a 
function  of  thickness  for  600-kv  X  rays. 

104 

4,  3 

The  number  of  secondaries  deposited  S^]  as  a 
function  of  thickness  for  600-kv  X  rays. 

105 

4.  4 

The  energy  of  escape  per  unit  path  length  as  a 
function  of  thickness  for  600-kv  X  rays. 

106 

4,5 

The  energy  deposited  per  unit  path  length  as  a 
function  of  thickness  for  600-kv  X  rays. 

107 

4.6 

Energy  spectra  for  600-kv  X  rays  for  thicknesses 
in  the  range  from  0.01  to  10  gm/cm^. 

108 

4.7 

Angle  of  emission  spectrum  for  600-kv  X  rays. 

The  numbers  10.  5,  2.  5  ... .  etc.  ,  are  thick¬ 
nesses  in  gm/cm^. 

109 

IX 


m 


TDR-63-50 


TABLES 


No. 

RAge  Nfa. 

2. 1 

Number  of  Gamma  Rays  per  Fission  as  a  Function 
of  Incident  Gamma  Energy 

25 

2.  2 

Parameters  for  Sample  Problem 

26 

2.3 

Energy  Losses  and  Secondary  Electron  Emission 
Efficiencies  as  a  Function  of  Thickness  for  Prompt 
Fission  Gamma  Radiation 

27 

2.4 

Number  of  Secondaries  which  Escape  as  a  Function 
of  Energy,  Average  Angle  of  Emission  and  Thickness 
for  Prompt  Fission  Gamma  Radiation 

28 

2.5 

Number  of  Secondaries  which  Escape  as  a  Function 
of  Angle  and  Thickness  for  Prompt  Fission  Gamma 
Radiation 

31 

3.  1 

Critical  Energy  £  and  the  Ratio  of  the  Radiative 
Loss  to  the  lonizatron  Loss  for  Various  Materials 

71 

3.2 

Energy  Losses  and  Secondary  Electron  Emission 
Efficiencies  as  a  Function  of  Thickness  for  25-Mev 
Electron 

72 

3.  3 

Number  of  Secondaries  which  Escape  as  a  Function 
of  Energy,  Average  Angle  of  Emission  and  Thickness 
for  25-Mev  Electrons 

73 

3.4 

Number  of  Secondaries  which  Escape  as  a  Function 
of  Angle  and  Thickness  for  25-Mev  Electrons 

76 

4.  1 

Energy  Groups  and  Weighting  Factors  for  600-kv 
X-rays 

98 

4.2 

Energy  Losses  and  Secondary  Electron  Emission 
Efficiencies  as  a  Function  of  Thickness  for  600-kv 

X- rays 

99 

4.3 

Number  of  Secondaries  which  Escape  as  a  Function 
of  Energy,  Average  Angle  of  Emission  and  Thickness 
for  600-kv  X-rays 

100 

4.4 

Number  of  Secondaries  which  Escape  as  a  Function 
of  Angle  and  Thickness  for  600-kv  X-rays 

101 

6.  1 

Summary 

112 

X 


TDR-63-50 


SYMBOLS 


Symbol 

h 

V 

o 

c 

V 
T 

e 

p 

T 

m 

o 

Z 

m  c 
o 

a 


0 

r 

o 

j 

s 

a 


Definition 

Planck's  constant  (6.6252  x  10*^^  erg  •  sec). 
Frequency  of  the  incident  prompt  fission  gamma  ray. 

Speed  of  light  (2.  998  x  10^^  cm/ sec). 

Frequency  of  the  scattered  photon. 

Angle  between  the  direction  of  the  incident  photon  and 
the  direction  of  the  scattered  photon. 

Angle  between  the  direction  of  the  incident  photon  and 
the  direction  of  the  Compton  electron. 

Momentum  of  the  Compton  electron. 

Kinetic  energy  of  the  Compton  electron. 

Rest  mass  of  an  electron  (9.  11  x  10”  gm). 

Rest  mass  energy  of  an  electron  (0.51098  Mev). 

The  incident  photon  energy  over  the  rest  mass  energy 

of  the  electron  (hv  /m  c^). 

o  o 

Average  collision  cross  section  for  a  Compton  inter¬ 
action  in  cm^/e. 

Classical  radius  of  an  electron  (2.818  x  10”^^  cm). 

Average  scattered  cross  section  for  a  Compton  inter¬ 
action  in  cm^/e. 

Average  absorption  cross  section  for  a  Compton  inter¬ 
action  in  cm^/e. 


AV 


Average  energy  of  the  recoil  Compton  electron. 


AV 


N 

A 

Z 


Average  angle  the  recoil  electron  scatters  with  respect 
to  the  direction  of  incident  photon. 

Avogadro's  number  (6.025  x  10^^  atam 

mole 

Atomic  weight  (gm/mole). 

Atomic  number  (number  of  electrons  per  atom). 


xi 


TDR-63-50 


SYMBOLS  (cont'd) 


Symbol 


Pelinitign 


AR 


n 


o 


A  differential  scattering  element 
in  gm/cm^. 


wibiiiii  a 


Initial  number  of  particles  passing  through  a  sample. 


n 

dn 


Number  of  particles  escaping  from  the  sample  which 
did  not  have  an  interaction  producing  secondaries. 

Number  of  secondaries  produced  (n^  -  n). 


E 

o 


T 

P^(E) 


P^(E) 


R 

P 

S(E) 

SJE) 


S^(E) 


Initial  energy  of  the  incident  particle  (Mev). 

Thickness  of  the  sample  in  gm/cm^. 

Intensity  or  probability  of  escape  for  an  electron  of 
energy  E. 

Probability  of  deposition  for  an  electron  of  energy  £  . 

The  distance  in  electron  traverses  in  gm/cm^. 

The  average  range  of  an  electron  with  energy  E  in 
gm/cm^. 

Range-straggling  parameter.  (The  half-width  of  the 
Gaussian  curve  at  1/e  of  the  maximum). 

The  standard  deviation. 

Practical  range  in  gm/cm^. 

The  total  number  of  secondaries  born  in  some  AR  with 
energy  E  per  incident  particle. 

The  total  number  of  secondaries  born  in  some  AR  with 
energy  E  which  escape  with  energy  E^  per  incident 
particle. 

The  total  number  of  secondaries  born  in  some  AR  with 
energy  E  which  are  deposited  per  incident  particle. 

Total  number  of  secondaries  per  incident  particle 
summed  on  R  and  E  . 


Energy  the  secondary  is  born  with  in  Mev. 
Energy  the  secondary  escapes  with  in  Mev. 

Energy  lost  from  the  sample  in  Mev. 

Energy  deposited  in  the  sample  in  Mev. 


xii 


-^I-P 


TDR-63-50 


SYMBOLS  (cont'd) 


Symbol 


Pflinition 


N 


m 


Number  of  gamma  rays  per  fission  in  energy  group  m. 


I 

1 


C' 


do  (E  .E) 
o 

c  (E^.E) 


Intensity  of  the  gamma  beam  as  a  function  of  distance. 
The  initial  intensity  of  the  gamma  beam. 

I 

Mass  absorption  in 

gm 

Attenuation  factor. 

Subscript. 

Subscript. 

Distance  in  gm/cm^  to  one-half  the  probability  of 
escape. 

The  range  left  over  after  the  electron  escapes. 

The  energy  of  an  incident  electron  after  a  collision. 

Angle  between  the  incident  electron  and  the  secondary 
electron. 

Angle  between  the  incident  electron  and  the  scattered 
incident  electron. 

Differential  cross  section  which  represents  the 
probability  at  least  one  particle  will  have  energy  £ 
after  a  collision  with  an  electron  of  energy  E^  . 

Total  cross  section  and  represents  the  probability  that 
one  of  the  electrons  will  have  energy  between  E  and 
E^/2  when  colliding  with  an  electron  of  energy  E^  . 


TDR-63-50 


1.  INTRODUCTION. 

a.  Qlgjgctivgs 

(1)  To  aid  in  the  simulation  of  the  prompt  fission  gamma  radiation 
field  associated  with  a  nuclear  detonation  by  comparing  the  efficiencies  of 
secondary-electron  emission,  energy  spectra,  angle-of-emission  spectra, 
and  energy  losses  for  various  laboratory  radiation  sources.  Interest  will 
be  concentrated  on  25-Mev  electrons  from  a  linear  accelerator  and  a 
600-kv  pulsed  X-ray  source. 

(2)  To  establish  computer  programs  which  can  be  used  in 
transient  radiation  effects  (TREE)  studies  to  simulate  any  desired  radiation 
energy  source. 

b.  Background 

The  basic  parameters  for  work  in  transient  radiation  effects  have 
not  been  determined  satisfactorily.  This  study  was  necessary  because  in 
weapon  effects  work  instrumentation  may  be  exposed  to  radiation  fields 
as  high  as  10^^  r/sec.  This  extreme  flux  will  cause  electronic  components 
to  fail  ;  therefore,  the  components  must  be  tested  beforehand  in  the  laboratory 
to  establish  and  possibly  eliminate  the  effects  expected  in  the  nuclear  en¬ 
vironment.  This  work  will  permit  the  laboratory  work  to  be  done  much  more 
accurately. 

2.  SECONDARY  ELECTRON  EMISSION  BY  PROMPT  FISSION  GAMMA 

RADIAim. 

a.  General  remarks 

In  this  section  a  theoretical  calculation  is  made  of  the  energy 
spectra,  the  angle-of-emission  spectra,  the  energy  losses,  and  the  efficien¬ 
cies  for  secondary  electrons  emitted  because  of  prompt  fission  gamma 
radiation.  The  calculation  was  done  for  low-Z  materials  with  thicknesses 
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in  the  range  from  0.01  to  10  gm/cm^.  The  Maienschein  (1958)  prompt 

fission  gamma  ray  spectrum  for  fissions  was  used  during  the  time 

-  8 

interval  less  than  5  x  10  second.  The  Klein-Nishina  cross  sections  were 
used  to  evaluate  the  above  parameters. 

There  are  three  ways  in  which  a  photon  can  interact  with  matter  to 
lose  its  energy:  interaction  with  an  atom  as  a  whole,  interaction  with  a 
free  electron,  and  interaction  with  the  Coulomb  field  of  the  nucleus. 

The  interaction  of  a  photon  with  an  atom  as  a  whole  leads  to  the 
photoelectric  effect.  The  importance  of  this  effect  in  the  field  of  high 
energies  and  low-Z  materials  is  negligible,  so  that  it  need  not  be  considered 
in  detail.  The  interaction  of  a  photon  with  a  free  electron  leads  to  the  Compton 
effect.  In  this  phenomenon  the  photon  transfers  part  of  its  energy  and  mo¬ 
mentum  to  the  electron  initially  at  rest.  The  interaction  of  a  photon  with  the 
Coulomb  field  of  the  nucleus  leads  to  the  phenomenon  of  pair  production, 
whereby  the  photon  disappears  and  a  positive  and  a  negative  electron 
simultaneously  come  into  existence.  For  this  phenomenon  to  occur,  the 
energy  of  the  photon  must  exceed  the  rest  energy  of  two  electrons.  The 
excess  energy  appears  almost  completely  as  kinetic  energy  of  the  two 
electrons,  while  the  recoil  of  the  nucleus  accounts  for  the  momentum  balance. 
Pair  production  predominates  in  the  high-Z,  high-energy  region,  whereas 
the  Compton  effect  predominates  in  the  low-Z,  intermediate- energy  group 
(figure  2.  1)  which  is  the  region  of  interest  in  this  report. 

Both  the  Compton  effect  and  pair  production  are  typical  quantum 
phenomena  without  a  classical  counterpart.  Their  description  requires  the 
use  of  quantum  electrodynamics  along  with  quantum  mechanics. 

b.  Theory. 

(1)  Conservation  laws  for  the  Compton  effect 

As  was  stated  above,  the  area  of  interest  in  this  report  is 
the  area  in  figure  2, 1  labeled  the  Compton  effect. 

In  figure  2.  2,  the  incident  photon  is  represented  by  an  energy 
hv  The  scattered  photon  is  emitted  at  an  agle  ^  with  an  energy  hv  ,  and 
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the  electron  recoils  at  an  angle  c*  with  a  momentum  p  and  a  kinetic 
energy  T.  The  relations  for  the  conservation  of  momentum  for  this 
collision  can  now  be  written,  remembering  that  the  momentum  of  a  photon 
is  ^  .  Conservation  of  momentum  in  the  direction  of  hv  is  expressed 
by 


hv  hv 

- 2.=  -  cos  <j)  +  p  cos  G  iZ.  1) 

c  c 


while  conservation  of  momentum  normal  to  this  direction  gives 


sin  <p  -  p  sin 


(2.  2) 


A  third  relation  between  these  variables  is  obtained  from  the  conservation 
of  energy. 


hv  =  hv  +  T. 
o 


(2.  3) 


Using  the  relativistic  relationship 


=  \A 


T  (T  + 


2  m  c^  ) 
o 


U.  4) 


and  some  algebra,  one  can  eliminate  any  two  parameters  from  these  three 
equations.  It  should  be  noted  that  these  equations  represent  only  the  funda* 
mental  conservation  laws  as  applied  to  a  two-body  collision.  They  must, 
therefore,  be  obeyed  regardless  of  the  details  of  the  interactions  at  the  scene 
of  the  collision. 

To  describe  the  angular  distribution  of  the  Compton  electrons 
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and  to  take  into  account  the  true  distance  they  travel  through  the  sample,  it 
is  necessary  to  derive  by  the  proper  combination  of  the  four  preceding 
equations  the  following  equation  for  the  energy  of  the  Compton  electron  in 
terms  of  its  scattering  angle: 


T  =  hv 

o 


2a  cos  6 


(I  +  a)^  -  cos^  0 


(2.5) 


where  a  =  hv  /mc^  .  The  details  of  this  derivation  can  be  found  in  the 
o  o 

appendix  of  Semat  (l958). 

(2)  Klein-Nishina  cross  sections 

Because  classical  methods  cannot  cope  with  the  general  collision 
involving  high-energy  photons,  Klein-Nishina  successfully  applied  Dirac's 
relativistic  theory  of  the  electron  to  this  problem  and  obtained  a  general 
solution  which  is  in  remarkable  agreement  with  experiments. 

The  summation  of  the  probabilities  of  all  possible  collisions 
between  the  incident  photon  and  each  free  electron  is  generally  the  total 
collision  cross  section.  Because  it  represents  the  integrated  probability 
per  electron  that  some  scattering  event  will  occur,  it  is  physically  clearer 
to  speak  of  this  integral  as  the  average  collision  cross  section  o  .  The 
average  collision  cross  section  is  the  same  for  polarized  or  unpolarized 
incident  radiation.  By  integrating  the  differential  cross  section  over  all 
permissible  angles,  one  finds  the  following  result: 

a  =  2  xr^  fi-±^  t  fl)  Lln(l+2a)1 

o  [  ^2  [1+  2a  a  J 

+  ^  In  (1  +  2a)  -  1  cm^/e  (2.6) 

(1  t  2a)^  J 

where  r  is  the  classical  electron  radius, 
o 
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Experimental  interest  often  centers  on  the  average  properties 
of  the  scattered  radiation;  thus,  the  average  scattered  cross  section  o  is 


a  =  n  r 

s  o 


-U  ln(l  +  2q)  +  ?  r-S^-l) 


q‘  (1  +  2a)‘ 


3  ( 


L^1 

1  +  2a)^J 


2, 

cm  /e. 


(2.7) 


The  total  cross  section  or  average  collision  cross  section  is 


given  by 


a  =  a  +0 

a  s 


(2.8) 


where  a  ^  is  the  average  absorption  cross  section.  Thus, 


0  =0-0 


(2.  9) 


or 


,  =  2  xr^  r2(l_±_2ii  .  .  U  ^ 

•  °  (1  +  2a)  (1  +2a)^  o  (1  + 


a  ■  2a  - 

2a)^ 


_ lal _ U..S  .  _i_  + 

3(1+  2a)^  \  2o^ 


In  ( 1  +  2a^ 


cm^/e 


(2.  10) 


From  the  conservation  of  energy,  equation  (2.  3),  each 
scattered  photon  hv  has  associated  with  it  a  recoil  electron  whose  energy 

is 

T  =  hv^  -  hv.  (2.  11) 
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Therefore,  the  average  kinetic  energy  '^AV  of  all  recoil  electrons  from 
Compton  interactions  will  be 


^AV  ■  ^''o  ■  ^''av  ‘ 


Hence 

T  *  „  ,  hv  ,  ,,  ,  a  0 

AV  _  1  -  AV  =  1  -  _8  =  a 

hv  Tiv  a  a 

o  o 


(2.  12) 


(2.  13) 


(Evans,  1955,  p.  688). 

An  electron  born  with  an  average  energy  Tav  scattered  at 
an  average  angle  ®AV  •  and  at  a  given  distance  in  the  sample  with 
respect  to  the  escaping  interface,  has  a  true  distance  of  Rn/cos  *** 

traverse  before  escaping  from  the  sample.  Therefore,  to  account  for  the 
angular  distribution  it  is  necessary  to  derive  an  expression  for  the  cos  3^y  . 
By  solving  equation  (2.  5)  explicitly  for  cos  6  and  taking  an  average  value 
for  6  and  T  ,  one  gets 


cos  6 


AV 


'T^y  (I  +  a)' 


T.„q  +  2ohv 
AV  o 


(2.14) 


All  the  pertinent  parameters  needed  to  describe  the  interaction 
between  an  incident  photon  and  an  atomic  electron  have  now  been  derived. 
Now,  the  theory  necessary  for  calculating  the  number  of  secondary  electrons 
produced  per  incident  particle  will  be  developed. 


(3)  Secondary  electron  production 

In  a  thin  absorbing  sample,  having 


N 


with 


atoms/gm,  each 
A  2  N  Z 

Z  electrons/atom,  and  of  a  thickness  ^R  in  gm/cm  ,  there  are 
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N  Z  AR  2 

electroni/gm  and  — -  electrons/cm  .  Let  a  collimated  beam  of  n 

A  O 

particles,  each  with  energy  £^.  pass  normally  through  the  sample  (figure 
(2.3)). 

The  number  dn  =  n^  -  n  is  the  number  of  primary  particles 
giving  up  some  of  its  energy  to  produce  secondary  electrons.  Therefore, 
the  number  of  secondary  electrons  per  incident  particle  produced  in  ^R  is 


j  N  Z 

_  dn  _  a  iiR  a  . 

n  A 
o 


(2.  16) 


-  ^  will  be  redefined  to  equal  S;  therefore,  equation  (2.  16)  becomes 
o 


N  Z  <iR  d  (E) 
S  (E)  =  ^ 


(2. 17) 


with  its  energy  functional  dependence  included.  The  constant  in  equation 
(2.  17)  can  be  evaluated  by  assuming  A  =  2Z  (low  Z  ^materials)  and  its 
value  is  0.  30125  x  10^^  electrons/gm  or  0.  30125  .  Therefore, 

equation  (2.  17)  becomes 


>arns 


S(E)  =  0.  30125  AR  d(E) 


(2. 18) 


where  S(E)  is  in  secondary  electrons  per  incident  particle,  aR  Is  in 
gm/cm^,  and  d(E)  is  in  barns/ electron.  This  is  a  general  derivation 
since  the  incident  particle  can  be  a  gamma  ray,  an  electron,  or  an  X  ray 
if  the  appropriate  cross  sections  are  taken  into  account. 

Now  that  the  number  of  secondaries  produced  per  incident 
particle  in  a  differential  element  AR  have  been  determined,  it  is 
appropriate  to  evaluate  the  number  of  those  produced  which  escape  and 
the  number  which  are  deposited. 
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(4)  Probability  of  escape  and  deposition 

Since  the  range  of  any  one  of  a  group  of  initially  monoenergetic 
particles  can  be  regarded  as  the  sum  of  a  very  large  number  of  statistically 
independent  displacements  corresponding  to  a  succession  of  small  energy 
losses,  it  should  be  expected  that  the  probability  distribution  of  the  ranges 
about  the  average  value,  R  ,  is  given  by  the  Gaussian  function.  The  width 
of  the  Gaussian  curve  will  be  proportional  to  the  mean  squared  fluctuation 
(R-K)^^y  .  Thus  the  probability  of  finding  a  particle  with  range  between  R 
and  R-f  dR  is  (Segre,  1953,  p.  245) 


where 


PJR)  dR  = 


(R-R)^ 

2 

a 


dR 


P  (R)  (R-R)^  dR 
e 


lA  a‘ 


U.  19) 


(2.20) 


Experimentally,  it  is  not  very  convenient  to  make  direct 
measurement  of  the  number  of  particles  whose  ranges  end  in  the  interval 
from  R  to  RtdR.  Instead,  the  number  of  particles  which  reach  a  certain 
distance  R  from  the  source,  that  is,  particles  whose  range  is  greater 
than  R  ,  are  usually  measured. 

Equation  (2.  19)  can  be  integrated  from  R  to  infinity  to  give 


P JR)  *  ^  (1  -  erf  (2.21) 

9  a 

where  P^(R)  ie  the  probability  of  escape  or  the  intensity  of  the  electrons  as 
a  function  of  diatance  (the  ordinate  of  the  number -distance  curve  in  figure 
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2.  4),  erf  x  = 


=  i  /'%-* 


dt  is  the  error  function  or  the  probability  integral. 


and  a  is  the  range- straggling  parameter  (the  half-width  of  the  Gaussian 
distribution  at  1/e  of  the  maximum).  The  quantity  a  is  also  equal  to^^ 
times  the  standard  deviation,  a  .  The  slope  of  the  curve  in  figure  2.  4  is 
equal  to  1/  dJU.  Therefore,  the  relationship  between  the  practical  Rp  and 
average  ranges  R  is 


.  5  ^  1  .  (2.  22) 

Rp  -  R 


Solving  explicitly  for  the  range  straggling  parameter  a  ,  one  finds  the 
following  relationship 

a  =  -L.  (R  -  R).  (2.  23) 

yx  P 


To  evaluate  the  probability  of  escape  or  the  probability  of 
being  deposited  which  is  by  definition  ^1  -  P^(R)j  ,  it  is  only 

needed  to  determine  the  practical  and  average  ranges. 

(5)  Range  of  electrons. 


Empirical  relationships  between  the  practical  range  Rp  and 
the  energy  E  have  been  proposed  by  many  workers.  An  excellent  review 
of  all  electron  range- energy  work  up  to  1951  has  been  given  by  Katz  and 
Penfold  (1952).  Based  on  a  compilation  of  all  available  data,  these  authors 
propose  the  following  empirical  relationships,  where  E  is  in  Mev  and  R 

2  P 

is  in  gm/cm  .  For  energies  from  0.  01  to  ~3  Mev 


R  =  0. 412  e" 

P 

* 

n=  1.265  -  0.0954  In  E  (2.24) 


9 


TDR-63-50 


and  for  energies  from  ~  1  to  ~Z0  Mev 

R  =  0.  530  E  -  0.  106.  (2. 25) 

P 

The  agreement  between  the  above  empirical  analytical  forms  and  experi¬ 
mental  range-energy  curves  is  excellent.  This  fact  can  be  observed  in 
figure  2.5. 

By  comparing  the  average  range  R  and  the  practical  range 
R^  of  the  experimental  absorption  curves  given  in  figure  2.6,  the  relation¬ 
ship  relating  then,  averaged,  gives 

R  =  0.  662  R  .  (2.  26) 

P 

The  three  preceding  equations  will  be  used  for  determining  the  average 
range  of  an  electron  as  a  function  of  energy. 

Now,  it  is  possible  to  evaluate  equation  (2.  23)  in  terms  of 
the  average  range  R.  The  result  is 

a=  0. 5762  R.  (2. 27) 


(6)  Number  and  energy  losses. 

The  total  number  of  secondary  electrons  born  per  incident 
particle  in  ^R  is  S(£)  given  by  equation  (2.  18).  The  probability  of  these 
electrons  escaping  from  oR  is  P^(E).  Therefore,  the  fraction  of  secon¬ 
daries  which  escapes  per  incident  particle  S^(E)  is 

S  (E)  =  S(E)  P  (R)  (2.28) 

e  e 
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or 

S  (E)  =  0.  30125  aR  a  (E)  P  (R) 
e  e 


(2.29) 


By  the  aame  argument,  the  number  of  secondaries  deposited 
per  incident  particle  S^O^)  >> 

S^(E)  =  S(E)  Pjj(R).  *  (2.  30) 


Since, 


P^(E)  =  1  -  Pp(R)  (2.  31) 

Equation  (2.  30)  can  be  written  in  the  form 

Sj(E)  =  S(E)  [l  -  Pp(R)]  (2.32) 


or 

Sj(E)  =  0.  30125  aR  ^(E)  [l  -  Pg(R)]  (2.33) 

The  total  number  of  secondaries  produced  per  incident  particle  is  also 
equal  to 

S(E)  =  S  (E)  +  S,(E)  .  (2.  34) 

e  a 

The  energy  which  is  lost  from  the  sample  would  be  equal  to 
the  number  which  escape  S^(E)  times  the  electron  energy  of  escape  E^  , 

E.  =  E  S  (E)  .  (2. 35) 

e  e 

Conversely,  the  energy  deposited  is  the  sum  of  the  energy 
deposited  by  the  electrons  which  escape  and  the  energy  deposited  by  the 
electrons  that  did  not  escape. 
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=  (E  -  E^)  S^(E)  +  E  S^(E)  .  (2.  36) 

Equation  (2.  36)  can  also  be  written  in  the  following  form: 

E  .  =  E  S(E)  -  E  S  (E)  (2.  37) 

u  e  e 

by  combining  and  substituting  equation  (2.  34).  The  energy  lost  E^  and 

the  energy  deposited  E  ,  are  in  units  of  Mev.  To  change  units  to  Mev/gm/ 
2  “ 

cm  ,  it  is  only  necessary  to  divide  by  the  sample  thickness  T. 

(7)  Energy  losses  by  gamma  rays 

The  energy  losses  by  gamma  rays  can  be  determined  by  use  of 
figure  2.7.  By  a  weighted  average  of  the  prompt  fission  spectrum,  figure 
2.  8,  it  was  found  from  figure  2.7  that 

1  ^  =  5.  3  X  10^  Mev/cm^  *  sec. 

9  2 

By  eliminating  time,  1  r  is  1.91  x  10  Mev  per  cm  and  deposits 
100  ergs/gm  of  material  or 

1  =  5.24  X  lO'®  ergs/gm. 

cm^ 

Approximately  7.7  Mev/fis  are  liberated  when  an  atom  of  fissions. 

Therefore  the  energy  deposited  per  unit  thickness  per  fission  in  a  sample 
material  is 


1  fission  =  0.252  Mev/gm/cm^. 

However,  the  soft  collisions  (low-energy  secondary  electrons)  cause 
approximately  half  of  this  energy  deposition.  Therefore  since  the  interest 
is  in  the  hard  collisions  (high  energy  secondary  electrons),  the  above  number 
will  be  divided  by  two  with  the  result 

1  fission  =  0.  126  Mev/gm/cm^  . 
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c.  Procedure 

The  calculations  in  this  report  were  made  on  a  CDC  1604  high¬ 
speed  digital  computer.  The  programs  and  sample  outputs  are  contained 
in  the  appendixes.  To  simplify  the  explanation  of  the  calculational  procedure, 
a  slide-rule  accuracy  example  will  be  presented.  The  calculations  were  done 
for  sample  thicknesses  in  the  range  from  0.01  to  10  gm/cm^, 

(1)  Energy  groups 

The  Maienschein  (1958)  energy  spectrum,  figure  2.8,  for 

prompt  fission  gamma  radiation  from  fission  for  times  less  than 

-8 

5  X  10  seconds,  was  used  in  the  gamma- ray  program.  This  spectrum  was 
considered  to  be  the  best  available  for  this  type  of  calculation  by  several  of 
the  prominent  people  in  the  field.  The  average  gamma  ray  energy  from  this 
spectrum  was  determined  and  found  to  be  approximately  0.  85  Mev.  The 
number  of  gamma  rays  per  fission  was  found  to  be  9.1  with  energy  being 
emitted  at  a  rate  of  7.7  Mev/fission.  All  this  Information  was  evaluated  by 
choosing  a  of  0.  2  Mev  on  the  abscissa  and  reading  the  average  ordinate. 
Table  2.  1  contains  the  results  of  the  average  ordinate  multiplied  by  AE  as 
a  function  of  the  appropriate  energies.  The  number  of  gamma  rays  per 
fission  was  used  as  a  weighting  factor  in  determining  the  following 

parameters. 

The  energies  of  the  incident  photons  were  divided  up  into  39 
groups  as  shown  in  table  2.  1.  The  average  energy  of  the  group  was  chosen 
as  the  representative  photon;  for  example,  the  first  group  with  energies 
between  0.  0  and  0.  2  Mev  has  an  average  photon  energy  of  0.  1  Mev. 

(2)  Sample  division 

The  sample  was  divided  into  aRs  with  thicknesses  decreasing 
by  one-half  each  time,  figure  2.  9.  The  numbers  n  represent  the  center 
lines  of  each  AR.  The  quantity  R^  represents  the  shortest  distance  a 
secondary  electron  would  have  to  travel  before  escaping.  These  quantities 
are  related  mathematically  by  the  following  relationships: 
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AR^  =  I  AR^  (2.  38) 

oR  =  f  AR„  , 
n  :  2  n- 1 

AR^  =  2  Rj 

-4  2 

The  final  R  was  chosen  to  be  greater  than  5  x  10  gm/cm  .  Therefore, 

”  •4  2 

the  final  R  must  be  equal  to  or  less  than  3  1/3  x  10  gm/cm  ,  or  AR 

must  be  equal  to  or  less  than  6  2/3  x  10~^  gm/cm^.  There  were  5  divisions 

or  ARs  for  a  sample  thickness  of  0.01  gm/cm^  ranging  to  15  divisions  for  a 

thickness  of  10  gm/cm^. 

( 3)  Attenuation 

In  the  passage  of  gamma- ray  photons  through  matter,  they  are 
absorbed  so  that  the  intensity  falls  off  exponentially.  This  arises  from  the 
fact  that  the  extent  of  absorption  in  a  small  thickness  dR  in  gm/cm^  of 
matter,  at  any  point  in  the  medium,  is  proportional  to  the  radiation  intensity 
at  that  point  and  to  the  thickness  traversed;  that  is, 

^  -  li  dR  (2.  39) 

I  P 

Integrating  this  equation  gi''es 


“"T 


1  = 


-HR 
I  e  p 
o  ^ 


(2.40) 


where  p  is  the  linear  absorption  coefficient  of  the  absorber  for  the  given 
radiation.  If  A  =  2Z,  then  p/p  =  0.  30125  o,  where  a  is  the  total  cross 
section  in  barns.  Therefore,  equation  (2,  40)  becomes 
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,  ,  -  0, 30125  o  (T  -  R  ) 

I  =  I  e  n 

o 


(2.41) 


where  T  and  R^  are  the  same  quantities  as  defined  in  figure  2.  9.  The 
attenuation  factor  A  is 

A=  I  =  »  IT-R„)  ,2  ,2, 

o 

This  factor  was  multiplied  by  the  secondary  electron  emission  efficiencies, 
equations  (2.  29)  and  (2.  33),  to  take  into  account  the  attenuation  of  the 
incident  gamma  rays. 

(4)  Sample  problem 

The  parameters  in  table  2.  2  will  be  used  in  the  following  sample 

calculation. 

In  the  beginning,  equation  (2,  21),  the  probability  of  escape  P^, 
was  investigated; 

P  (R)  ’  1(1  -  erf  ^  ~  )  .  (2.21) 

e  2  a 

Notice,  if  R  =  R  the  argument  of  the  error  function  is  zero;  hence,  the 
error  function  is  zero  making  Pp(R)  =  0,5,  which  is  the  correct  value. 

As  R  approaches  infinity  the  error  function  approaches  1,  thus, 

P^(cd)  =  0,  which  is  a  correct  value.  However,  on  the  other  end  where 
R  =  0,  the  argument  of  the  error  function  becomes,  by  employing  equation 
(2.27),  a  negative  1/0.5762.  This  makes  the  error  function  take  on  a 
value  of  negative  0.  98588;  hence,  the  P^lO)  =  0,99294.  This  value  should 
be  exactly  1,  since  the  electron  does  not  have  to  travel  any  distance  (R  =  0); 
thus,  the  P^(0)  must  equal  1.  Therefore,  0.99294  was  used  as  a  scaling 
factor  for  the  probability  of  escape  P^. 

The  next  step  was  to  evaluate  the  cross  sections  for  the  energy 
group  of  incident  photons  chosen.  In  this  case  the  group  lies  between  1. 0 
and  1,  2  Mev  of  table  2.  1  with  an  average  photon  energy  of  I.  1  Mev.  The 
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quantity,  a  =  - ^2  •  **  t?valuated  and  in  this  case  equals  2.  155. 

m  c 
o 

Substituting  this  value  in  equations  (2.6)  and  (2,  10),  then  evaluating,  one 
finds 


0=0. 2015  barns 


and 


0=0.  091 3  barns. 

a 


From  equation  (2.  13),  the  average  kinetic  energy  ibe  recoil 

Compton  electron  is 


T.  ,,  =  <hv  >  -fi 
AV  o  AV  0 


0.  499  Mev. 


By  a  careful  investigation  of  equations  (2.24)  and  (2.25),  it 
was  determined  that  an  energy  of  2.  4  Mev  would  be  the  best  cutoff  point 
between  the  two  equations.  Therefore,  since  the  above  energy  is  less  than 
2,  4  Mev,  equation  (2.  24)  was  used  in  combination  with  equation  (2.  26), 
giving 


R  =  0.  273  e" 
n  =  1. 265  -  0.  0954  In  E 


(2.43) 


In  this  case  E  is  1'y^y  nnd  evaluating  equation  (2.43)  for  the  above  1'y^y 

gives 

R  (0.  499)  =  0.  1081  gm/cm^  . 

The  average  kinetic  energy  7'^^  and  range  R  for  the  Compton 
electron  have  been  determined.  The  next  most  important  thing  to  calculate 
is  the  cosine  of  the  angle  of  emission.  As  given  by  equation  (2.  15),  this 
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quantity  can  be  evaluated  immediately, 
cos  -  0.  839. 

The  probability  of  escape  was  determined  by  equation  (2.Z1) 

to  be 


P  (R)  =  i  (1  -  erf  R  -  R)  . 
en  2  a 

To  get  a  physical  meaning  of  this  quantity,  figure  2.  10  is  presented.  Notice 

that  R  is  the  actual  distance  the  electron  travels  and  R  is  the  distance 

n 

from  the  center  line  of  the  appropriate  ^R  to  the  interface  (shortest 
distance).  The  quantities  R  and  R^  are  related  by  the  following  equation; 

R  =  R^/cos  0  (2.44) 

In  this  problem,  R  =  0.  223.  The  probability  of  escape,  using  the  above 
parameters,  is 

=  0-  0047  • 

The  attenuation  A  of  the  incident  beam  will  be  determined  by 
employing  equation  (2.42).  The  result  is 

A  =  0. 98121  . 

Finally,  the  secondary  electron  emission  efficiencies  may  be 
calculated.  Equation  (2.  29)  gives  the  fraction  of  secondary  electrons  which 
escape  per  incident  particle  and  talces  the  following  form  when  the  attenuation 
is  included: 

S  (E)  =  0.  30125  oR  o(E)  P  (R)  A  (2.45) 

en  n  en  n 
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Substituting  and  evaluating  equation  (2.45)  for  this  sample  problem  gives 

=  ^-486  X  10’^  se/iY  . 

To  properly  weight  this  number  for  the  entire  prompt  fission  spectrum 
(figure  2,  8),  the  number  of  gammas  per  fission  from  table  2. 1  for 

the  energy  group  from  1.0  to  1.2  Mev  was  multiplied  by  the  above  number. 
This  gives 


1)  =  1. 743  X  10"^  se/fis  . 

To  determine  the  number  given  in  column  7  of  appendix  A  for  this  energy 
group,  the  above  number  must  be  added  to  the  contribution  for  all  the  other 
oRs;  i.  e. ,  column  7  is  a  sum  on  R  . 

R 

(E)  =  N  IE)  2  S  (E)  (2.46) 

*  n=  1 

Notice  that  this  number  is  very  small  compared  with  the  number  given 
(2.614  x  10  ).  Thus,  this  indicates  that  most  of  the  electrons  which  escape 

come  from  the  final  uRs.  Column  8  is  a  double  sum  on  R  and  E  .  It  is 
also  weighted  by  the  numbers  given  in  table  2.  1  in  the  following  way: 


S 

e 


E 
2  S. 
m=  1 


em 


(E) 


E 

I  N_ 
m=  1 


m 


(2.47) 
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or  by  substituting  equation  (2.46) 


S 

e 


E 

Z 

m=  1 


R 

N  2  S  (E) 

m  ,  en 
. _ n:=  1  _ . 


E 

2 

m=  1 


N 


m 


(2.48) 


The  final  number  in  column  8  is  the  total  number  of  secondaries  per 
incident  photon  with  the  proper  weighting.  In  this  case,  for  a  thickness 
of  0.5  gm/cm^,  is  2.952  x  10 

The  number  of  secondaries  per  incident  particle  which  are 
deposited  is  determined  in  a  similar  manner.  Equation  (2.  33)  becomes 

S.  (E)  -  0.30125  AR  (E)  [l  -  P  (R)l  A  (2.49) 

dn  n  L  en  J  n 


after  taking  the  R  dependence  and  the  attenuation  into  account.  Substituting 
and  evaluating  equation  (2.  49)  gives 

S^2  ^10  X  lO"^  se/iy 

However,  the  number  in  column  9  is  given  as  a  sum  on  R  and  is  weighted 
by  the  numbers  in  table  2.  1;  for  example, 

Sd2(l.l)  =  3,705  X  lO”^  se/fis  . 

Notice  that  this  number  is  approximately  equal  to  the  one  given  (1.239  x  10  ), 

thus  indicating  that  most  of  the  electrons  deposited  come  from  the  first  ARa. 
Column  9  is  the  following  sum: 

R 

S  (E)  =  N  (E)  2  S^^(E)  (2.50) 

n=  1 
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in  secondaries  per  fission.  Like  the  preceding  discussion,  column  10  is 


m  =  1 


N 

m 


R 

2 

n=  1 


N 


m 


(2.51) 


in  secondaries  per  incident  photon. 

To  calculate  the  energy  of  escape,  it  is  necessary  to  recall 
the  probability  function  and  a  diagram  for  simplification,  figure  2.  11.  The 
area  under  the  curve  to  the  right  of  P^IR)  represents  the  probability  of 
escape  and  is  equal  to  the  value  given  for  P^iR)  .  Since  the  curve 
is  Gaussian,  the  area  under  the  entire  curve  is  unity.  Therefore,  the  re¬ 
maining  area  is  the  probability  of  being  deposited  ^Pj(R)  "  ^  "  '^e  ' 

To  determine  the  average  energy  of  escape  ,  it  will  be  necessary  to  go 
to  the  mid-point  of  the  remaining  area,  which  is  the  same  as  taking. half  of 
the  actual  probability  of  escape  P^  (R)  ,  and  work  backwards  through  the 
probability  function.  Thus 

P  (R  )  =  i  P  (R)  .  (2.52) 

e  e  Z  P 

The  energy  of  escape  is  related  to  the  range  which  remains  after  escape. 
Therefore,  it  is  interesting  to  determine  the  range  which  is  left  over, 
namely 


^R  =  R  -  R 
e  e 


(2.53) 


The  energy  can  then  be  calculated  from  the  semi-empirical  range-energy 
equations  given  in  a  previous  subdivision.  From  figure  2.  11,  the  following 
relationship  can  be  derived  by  arrangement  of  parameters; 


(2.54) 
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Notice  that  the  argument  of  the  error  function  from  equation  (2.52)  is  the 

/r  -  K\ 

quantity  I— £ - I  .  Therefore,  by  solving  equation  (2.52)  for  this 

quantity  and  substituting  it  in  equation  (2.54),  AR^  can  be  solved  since 
the  other  quantities  are  known. 

For  example,  in  the  sample  problem  (R)  =  0.0047 
equation  (2.  52)  give  P^(R^)  =  0.00235,  since 


P.  (R^>  =  ^ 

e  e  2 


(1  -  erf  R.  -  5) 


Solving  this  equation  for  the  argument  of  the  error  function  gives 


R  -  R\ 

S. -  =  2.007 


Substituting  in  equation  (2.54)  and  evaluating  give 
AR^  =  9.45  X  lO"^  gm/cm^  . 


By  choosing  the  correct  range>energy  equation  for  this  AR^  and  solving 
it  explicitly  for  energy,  it  is  found  that 


'e  =  [- 


265  -  yi.6  -  0.  3816 
0. 1908 


In  (AR^/O.zTiyj 


Solving  equation  (2.55)  gives 


=  0.  103  Mev 


The  energy  lost  from  the  sample  was  caluclated  using 
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equation  (2.  35) . 

^in 

E^2  =  1.8  X  10*^  Mev/fis  . 

.4 

This  is  not  equal  to  the  number  (8.  448  x  10  )  given  in  column  3  for  the 

energy  group  because  column  3  is  a  sum  on  R  .  Hence,  column  3  is 

R 

£.(£)=££  S  (£)  .  (2.56) 

£  ,  en  en 

n=  1 


Column  4  is  a  double  sum  taking  the  following  form: 


R 

£ 

n=  1 


E  S  (E) 
emn  emn 


(2.57) 


Likewise,  columns  5  and  6  take  the  same  form  as  shown  above  but  they 
represent  the  energy  deposited.  Equation  (2.  36)  gives  the  energy  de¬ 
posited: 


E  ,  (E)  =  (E  -  E  )  S  (E)  +  E  S  (E) 

dm  e  em  on 

E^2  <E)  =  1.  89  X  10"^  Mev/fis  . 

This  is  approximately  equal  to  the  number  given  in  column  5  (6.720  x  10  ^), 
indicating  that  most  of  the  energy  which  is  deposited  occurs  in  the  first  ARs. 
Column  6  is  the  energy  deposited  summed  on  R  and  E  . 

The  second  set  of  data  in  the  appendixes  represents  the 
parameters  for  the  energies  of  escape.  Columns  1  and  2  represent  the 
energy  bands  for  the  secondary  electron  energy  of  escape.  Column  3  is 
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the  number  o£  secondaries  per  incident  particle  which  escape  in  that 
energy  band.  Column  4  is  the  average  angle  of  escape  in  degrees  for  electrons 
which  escaped  in  that  energy  band.  Column  5  is  the  product  of  the  average 
energy  for  the  group  times  the  number  of  secondaries  per  incident  particle 
which  escape  (E  S^).  The  energy  spectra  to  follow  were  plotted  using  this 
data. 

The  final  set  of  data  in  the  appendixes  gives  the  angular  distri¬ 
bution.  Columns  1  and  2  are  the  lower  angle  limit  and  upper  angle  limit, 
respectively.  Notice  that  the  angular  interval  was  chosen  to  be  2  degrees. 
Column  3  is  the  number  of  secondaries  emitted  in  that  angular  interval.  The 
angle-of-emission  spectra  to  follow  were  taken  from  these  data. 

d.  Results 

The  results  are  contained  in  table  2.  3  (Energy  Losses  and 
Secondary  Electron  Emission  Efficiencies  as  a  Function  of  Thickness  for 
Prompt  Fission  Gamma  Radiation)  and  table  2.  4  (Number  of  Secondaries 
which  Escape  as  a  Function  of  Energy,  Average  Angle  of  Emission  and 
Thickness  for  Prompt  Fission  Gamma  Radiation).  The  data  contained  in 
table  2.  3  can  be  found  plotted  in  figures  2.  12  -  2.  15,  and  table  2.4-2.  5  data 
are  in  figures  2.  16  -  2.  27. 

e.  Discussion 

Figure  2.  12  gives  the  number  of  secondaries  escaping  as  a 
function  of  thickness.  Notice  that  at  a  thickness  of  0.01  gm/cm^,  is 
4.  7  X  lO"^  secondary  electrons  per  incident  photon  (se/iy)  with  a  constant 
increase  with  thickness  to  approximately  1  gm/cm^  where  the  curve  reaches 
a  maximum  value  of  3  x  lO'^  se/iy  (0.  3%);  thereafter  it  begins  to  decrease 
with  thickness  to  a  value  of  2  x  10  ^  se/iy  at  10  gm/cm^  .  The  incresse  is 
due  to  more  atomic  electrons  being  made  available  and  the  decrease  is  due 
to  the  attenuation  of  the  incident  beam. 

Figure  2.  13  is  a  plot  of  the  number  of  secondaries  deposited  as 
a  function  of  thickness.  It  forms  a  straight  line  on  log-log  paper.  This 
function  increases  with  thickness  from  7  x  lO"^  se/iy  at  0.  10  gm/cm  to 
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0.9  se/iy  at  10  gm/cm  .  This  seems  reasonable  since  one  would  expect 
more  secondary  electrons  to  be  deposited  as  the  thickness  is  increased. 

In  figure  2.  14.  the  energy  of  escape  per  unit  path  length  is  given  as 
a  function  of  thickness.  It  is  shown  that  the  energy  loss  is  greatest  for 
small  thicknesses  =  1.  45  x  10~^  Mev/gm/cm^)  and  decreases  to  1.  25  x 
lO"^  Mev/gm/cm^  for  large  thicknesses  (10  gm/cm^),  which  is  as  expected. 

Figure  2.  15,  the  energy  deposited  as  a  function  of  thickness,  follows, 
the  reverse  of  figure  2.  14;  that  is,  the  energy  deposited  increases  with 
thickness.  It  should  be  observed  that  upon  adding  the  curves  in  figures  2.  14 
and  2.  15  point  for  point  the  total  energy  removed  from  the  incident  beam  is 
0.  170  Mev/gm/cm^.  This  is  in  good  agreement  with  the  number  predicted 
in  section  2b(7)  (0.  126  Mev/gm/cm^). 

Figures  2.  16  to  2.  26  contain  the  energy  and  angle>of-emission 
spectra  for  prompt  fission  gamma  radiation  for  thicknesses  in  the  range 
from  0.01  to  10  jm/cm^  .  The  energy  spectrum  is  a  plot  of  the  number  of 
secondaries  escaping  per  incident  photon  per  energy  interval,  as  a 
function  of  the  energy  of  escape  E^  . 

Figure  2.  27  contains  all  the  energy  spectra  so  one  can  get  a  relative 
perspective  of  their  intensities  as  a  function  of  thickness.  Notice  that  the 
intensity  increases  with  thickness  up  to  0.75  gm/cm^  and  then  decreases. 

The  most  probable  energy  of  escape  E^  occurs  at  approximately  the  same 
value  (0.  15  Mev)  for  almost  all  the  thicknesses  except  the  larger  ones  where 
the  peaks  are  broader,  making  the  most  probable  energy  of  escape  less 
pronounced. 
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Table  2.2 

Parameters  for  Sample  Problem 


Parameter 

Value 

T  (thlckaess) 

0.50  gm/cn^ 

b''  0 

1.0  -  1.2  Mev 

<  hv  o>Av 

1.1  Mev 

R2 

0.1875  ga/ca^ 

^  B2 

0.1250  gm/eo^ 

V 


\ 
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Table  2.3 

Energy  Losses  and  Secondary  Electron 
Emission  Efficiencies  as  a  Function  of 
Thickness  for  Pronipt  Fission  Gamna  Radiation 


T  E*  E^ 

(sa/cm^)  (Mev.cB^/gm.fi8)**  (Mev.caf^/gm.fis)**  (se/iy  )  (se/iy  ) 


10.0 

1.20-3* 

1.69-1 

1.91-3 

9.25-1 

5.0 

2.9^-3 

1.68-1 

2.46-3 

4.61-1 

2.5 

6.51-3 

1.64-1 

2.81-3 

2.29-1 

1.0 

1.71-2 

1.53-1 

3.02-3 

8.97-2 

0.75 

2.26-2 

1.48-1 

3.03-3 

6.66-2 

0.50 

3.24-2 

1.38-1 

2.95-3 

4.35-2 

0.25 

5.37-2 

1.17-1 

2.61-3 

2.06-2 

0.10 

8.54-2 

8.49-2 

1.92-3 

7.39-3 

0.05 

1.08-1 

6.29-2 

1.36-3 

3.29-3 

0.025 

1.27-1 

4.36-2 

9.05-4 

1.42-3 

0.01 

1.45-1 

2.52-2 

4,69-4 

4.63-4 

*  1.2  X  10*3 

**9*1  gaojnas/fis 
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Figure  Z.  1  Relative  importance  of  the  three  major  types  of  gamma- ray  interactions.  The 
lines  show  the  values  of  Z  and  hv  for  which  the  two  neighboring  effects  are 
just  eqpial  <from  Evans.  1955,  p.  712) 
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Figure  2,  2  Trajectories  in  the  scattering  plane  for  the  incident 
photon  hv^  ,  the  scattered  photon  hv  ,  and  the 

scattered  electron  which  acquires  momentum  p 
and  kinetic  energy  T  (from  Evans,  1955,  p.  675) 
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Figure  2 


Figure  2.  6  Experimentally  measured  absorption  curves  for  monochromatic 

electrons  in  aluminum  (from  Marshall,  J.  and  Ward,  A.  G.,  1937) 
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Figure  2.  10  Diagram  of  the  probability  of  escape 
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Figure  2. 15  The  uaurgy  deposited  per  unit  path  length  as  a  function  of 
tticineae  for  prompt  fission  gamma  radiation  (9.  ly/fis). 
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Figure  2. 16  Energy  and  angle  of  emlaaion  spectra  for  prompt  fission  gamma  radiation  incident 
on  a  sample  of  thickness  0.01  gm/cm^  (aE  =  0.  1  Mev;  A6  =  2**) 
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Fifure  2. 18  Energy  and  angle  of  emiaaimi  spectra  for  prompt  fission  gamma  radiation 
incident  on  a  sample  of  tUckness  0.05  gm/cm^ 
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Figure  2.  19  Energy  end  angle  of  emission  spectra -for  prompt  fission  gamma 
radiation  incident  on  a  sample  of  thickness  0. 10  gm/cm^ 
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Figure  2.  21  Energy  and  angle  of  emiaaion  apectra  for  prompt  fiasion  gamma  radiation 
incident  on  a  aample  of  thickneaa  0.  50  gm/cm^ 
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Figure  Z.  22  Energy  and  angle  of  emission  spectra  for  prompt  fission  gamma  radiation 
incident  on  a  sample  of  thickness  0.75  gm/cm^ 
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Figure  2.24  Energy  end  angle  of  emisaion  spectra  for  prompt  fission  gamma  radiation 
incident  on  a  sample  of  thickness  2.5  gm/cm^ 
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Fivure  2.  27  Energy  spectra  for  prompt  fission  gamma  radiation  for  thicknesses  in  the 
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3.  SECONDARY  ELECTRON  EMISSION  BY  25-MEV  ELECTRONS 

a.  General  remarJsa 

Let  us  very  briefly  look  at  the  electromagnetic  phenomena  that  are 
of  importance  in  the  interaction  with  matter  of  high-energy  charged  particles, 
such  as  25-Mev  electrons  from  a  linear  accelerator  (linac).  We  will  con¬ 
sider  first  the  phenomena  that  occur  when  a  charged  particle  passes  in 
the  neighborhood  of  an  atom. 

(1)  If  the  distance  of  closest  approach  is  large  compared  with  the 

-  8 

dimensions  of  the  atom  (10  cm),  the  atom  reacts  as  a  whole  to  the  variable 
field  set  up  by  the  passing  particle.  The  result  is  an  excitation  or  an  ioniza¬ 
tion  of  the  atom.  The  phenomenon  can  be  treated  by  the  ordinary  methods  of 
quantum  mechanics  without  direct  reference  to  radiation.  For  these  compara¬ 
tively  distant  collisions,  the  magnetic  moment  of  the  particle  is  of  secondary 
importance,  because  the  forces  associated  with  the  magnetic  moment  de¬ 
crease  as  the  third  power  of  the  distance,  whereas  the  Coulomb  forces 
decrease  as  the  square  of  the  distance.  Therefore  the  passing  particle  can 
be  considered  as  a  point  charge. 

(2)  If  the  distance  of  closest  approach  is  of  the  order  of  atomic 
dimensions,  the  interaction  no  longer  involves  the  passing  particle  and  the 
atom  as  a  whole,  but  rather  the  passing  particle  and  one  of  the  atomic 
electrons.  As  a  consequence  of  the  interaction,  the  electron  is  ejected  from 
the  atom  with  considerable  energy.  This  phenomenon  is  often  described  as 

a  knock-on  process.  If  the  energy  acquired  by  the  secondary  electron  is 
large  compared  with  the  binding  energy,  the  phenomenon  can  be  treated  as 
an  interaction  between  the  passing  particle  and  a  free  electron.  Radiation 
phenomena  can  still  be  neglected,  and  the  ordinary  methods  of  quantum 
mechanics  can  be  used.  However,  one  can  no  longer  neglect  the  magnetic 
moments  or  spins  of  the  interacting  particles.  When  the  particles  are 
identical,  exchange  phenomena  occur  and  acquire  special  importance  when 
the  minimum  distance  of  approach  becomes  comparable  with  the  DeBroglie 
wavelength.  This  collision  process  will  be  described  as  an  elastic  collision 
with  atomic  electrons. 
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(3)  When  the  distance  of  closest  approach  becomes  smaller  than 
the  atomic  dimensions,  the  deflection  of  the  trajectory  of  the  passing  particle 
in  the  electric  field  of  the  nucleus  becomes  the  most  important  effect. 
Classically,  each  deflection  results  in  the  emission  of  a  weak  electromagnetic 
radiation  with  a  continuous  frequency  spectrum.  Numerous  soft  quanta,  whose 
total  energy  is  usually  a  very  small  fraction  of  the  particle  energy,  accompany 
the  deflection.  In  few  cases,  however,  one  photon  of  energy  comparable  with 
that  of  the  particle  is  emitted.  Because  of  the  comparatively  small  probability 
of  this  eff'jct,  the  problem  of  the  scattering  of  particles  can  be  treated 
separately  from  that  of  radiation  or  bremsstrahlung. 

(4)  The  problem  of  computing  the  probability  of  photon  emission  by 
the  passage  of  a  charged  particle  through  an  atom  requires  the  application  of 
quantum  electrodynamics.  As  in  the  scattering  problem,  the  atom  is  still 
represented  schematically  by  a  central  field  of  force.  However,  the 
Hamiltonian  of  the  system,  which  in  the  scattering  p  oblem  consisted  of  the 
Hamiltonian  of  the  particle  exclusively,  now  contains  also  the  Hamiltonian 

of  the  electromagnetic  field  and  a  small  interaction  term  that  depends  on  the 
coordinates  of  both  the  particle  and  the  field.  This  interaction  term  produces 
transitions  corresponding  to  energy  transfers  between  the  particle  and  the 
electromagnetic  field. 

It  will  be  shown  that  the  predominant  mechanism  for  energy  loss 
by  Z5-Mev  electrons  is  by  ionization.  This  will  be  described  as  an  elastic 
collision  process  between  the  incident  electron  and  the  atomic  electrons. 

Also,  this  collision  mechanism  could  be  considered  as  an  inelastic  collision 
between  an  incident  electron  and  the  atom  as  a  whole. 

For  this  discussion  we  will  put  methods  (11  and  (2)  into  one 
group  and  call  it  energy  loss  by  ionization.  Methods  (3)  and  (4)  will  be  put 
into  another  group  and  called  energy  loss  by  radiation  or  bremsstrahlung. 

As  was  mentioned  above,  we  will  show  that  energy  loss  by  ionization  collisions 
is  much  greater  than  energy  losses  by  radiative-type  collisions  which  give 
rise  to  the  emission  of  photons. 

The  energy  loss  by  ionization  collisions  and  that  loss  by 
radiative-type  collisions  have  a  strikingly  different  behavior.  The  energy 
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loss  due  to  radiation  collisions  is  nearly  proportional  to  and  the  increase 

is  nearly  linear  with  energy,  while  ionization  energy  losses  are  proportional 
to  Z  and  increase  only  logarithmically  with  energy.  Therefore,  when  the 
energy  of  the  incident  electron  becomes  much  greater  than  then  the 

radiation  collision  process  predominates.  If  E^  <  E^  ,  then  the  ionization 
process  predominates.  Table  3.  1  was  taken  from  Segre  (1953),  p.  266. 

Segre  (  1953)  gives  this  relationship 

(dE  /dx)  rad  =  E  Z 
o' _  -  o _ 

(dE  /dx)  ion  1600  m  c^ 
o  o 

for  the  ratio  of  the  radiative  loss  to  the  ionization  loss.  The  above  relation- 

(dE  /dx)  rad 

ship  was  used  to  determine  the  ratio  - 2 - ,  found  in  table  3.  1.  The 

^  (dE^/dx)  ion 

incident  electron  energy  is  given  to  be  25  Mev. 

One  can  see  from  table  3.  1  that  E  E  for  iron  (Z  =  26)  . 

CO 

This  means  that  radiative  and  ionization  losses  should  be  approximately  equal 
at  this  point.  Indeed,  this  is  shown  to  be  true  by  observation  of  the  ratio  of 
losses  (or  iron.  At  this  point  the  approximation  A  -  2Z  begins  to  break 
down.  Therefore,  the  concern  will  be  with  lower  Z  materials  where  the 
ionization  losses  are  at  least  a  factor  of  2  greater  than  the  radiative  losses. 

b.  Theory 

(1)  Conservation  laws  for  elastic  collisions 

For  purposes  of  calculating  the  angular  distribution,  it  is 
assumed  that  the  theory  of  elastic  collisions  holds  for  the  interaction  of  the 
incident  electron  and  the  atomic  electrons.  Whatever  the  forces  involved, 
the  principles  of  the  conservation  of  energy  and  momentum  must  be  satisfied, 
so  that  the  consequences  of  these  principles  remain  applicable  under  all 
circumstances. 

Such  consequences  may  now  be  considered  by  studying  the 


62 


TDR-63-50 


disturbance  created  by  the  passage  of  one  particle  through  the  field  of  force 
of  anotner  particle. 

Conservation  of  momentunrt  in  the  direction  of  the  incident 

electron  is 


p^  =  p  cos  0  +  p*  cos  (p  (3.  1) 

and  normal  to  the  direction  of  the  incident  electron  is 

0  =  p  sin  6  -  p'  sin  .  (3.  2) 

A  third  relationship  between  these  variables  is  obtained  from  the  conservation 
of  energy, 


E  =  E  •(•  e'  . 
o 

Using  the  relativistic  relationship 


pc  =  Vi  (T  +  2  m^c^) 


{3.  3) 


(3.4) 


where  T  is  the  kinetic  energy,  and  some  algebra,  one  can  solve  for  the 
cos  6  by  using  the  momentum  vector  diagram  in  figure  3.  1  and  the  law  of 
cosines.  The  cos  9  becomes 


cos  0 


£  (£ 


%c) 


+  2  m  c^) 

_ S2 _ 

(pc) 


(3.5) 


where 


c  =  V^ 


E  (£ 
o  o 


+  2 


m  c^) 
o 


(3.6) 
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and 


p  c  =  VeIE  +  2  m^c^). 

If  one  evaluates  equations  (3.  5)  and  (3.  6)  for 
becomes  in  its  simplest  form 

cos  P  =  1 . 0206 

P  c 


(3.7) 

25  Mev,  the  cos  0 


(3.  8) 


where 


p  c  r:  (E  +  1,022) 


(3.  9) 


where  the  secondary  electron  is  born  with  energy  E  in  Mev. 

(2)  Collision  cross  sections  for  identical  particles 

The  collision  between  an  incident  electron  and  an  atomic  electron 

requires  special  treatment  because  the  two  electrons  are  indistinguishable 

after  the  collision.  Consider  the  collision  of  an  incident  electron  of  kinetic 

energy  with  an  atomic  electron  which  was  initially  free  and  stationary. 

After  the  collision  one  of  the  electrons  will  have  energy  E,  the  other, 

(E  *£).  It  cannot  be  determined  which  electron  was  the  incident  electron, 
o 

Arbitrarily,  the  faster  electron  after  the  collision  is  defined  as  the  incident 
electron  insofar  as  future  collisions  are  concerned.  This  is  equivalent  to 
restricting  the  energy  transfer  £  to  values  up  to  Thus,  the  maximum 

energy  transferred  to  the  secondary  electron  by  the  incident  electron  will  be 

^max  ^  ^o^^  • 

To  understand  the  quantum- mechanical  cross  sections  for 
collisions  between  two  electrons,  it  is  helpful  to  evaluate  the  classical  cross 
section  first.  Evans  (1955)  gives  the  classical  differential  cross  section  as 
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d.'  (E  .E) 
o 


2n  e 


m  V 
o 


d£; 

^2 


(3.  10) 


This  represents  the  probability  that  the  incident  electron  loses  energy  E  and 

has  kinetic  energy  (E  -E)  after  the  collision.  But  to  this  must  be  added  the 

"  o 

classical  probability  that  the  incident  electron  loses  energy  (E^-E)  and  has 
kinetic  energy  E  after  the  collision,  which  is 


dc-i 


(E^.  E^-E)  - 
o  o 


2 

m  V 
o 


dE 

(E  -E)^ 
o 


(3.  11) 


Thus  the  classical  differential  cross  section  for  the  collision  between 
identical  particles,  i.  e. ,  the  probability  that  one  particle  will  have  kinetic 
energy  E  after  the  collision,  is  the  sum  of  the  two  probabilities,  or 


dfi  (E  .E) 
o 


Z%  e**  dE  !  E^  ^ 

m  E^  \e  -E/ 
o  o 


(3.  12) 


This  cross  section  applies  only  for  E>(E^-E),  i.e.,  for  E^E^/2  ,  For 
E>E^/2  ,  the  corresponding  cross  section  is  zero,  because  these  collisions 
are  already  included  in  equation  (3.  12). 

To  introduce  into  the  cross  section  the  effects  of  quantum- 
mechanical  exchange,  and  of  relativity,  Mbller  treated  the  problem  of  the 
collision  between  two  free  electrons,  using  the  relativistic  Dirac  theory  of 
the  electron.  In  Moller's  theory  the  spin  (measured  in  units  of  fi  )  and  its 
magnetic  moment  (measured  in  units  of  e  h/2m^c  )  were  assumed  to  take  on 
the  normal  values,  namely,  magnetic  moment  0  for  particles  of  spin  0  , 
and  1  for  charged  particles  of  spin  Vt  or  1. 
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Mbller's  cross  section  for  extremely  relativistic  electrons  (E  >>m  c^)  is 

o  o 


d = 


2k  e  dE 


m  E^  VE  -E 
o  ^  o 


1  -  E  +  E‘ 


E  E 
o  o 


(3.  13) 


Equation  (3.  13)  can  be  found  in  Evans  (1955).  p.  577,  and  Rossi  (1952),  p.  15. 
It  has  the  same  limits  as  equation  (3.  12)  and  represents  the  probability  that 
the  slower  electron  will  have  energy  E  after  the  collision.  In  equation  (3.  10) 
through  (3.  13),  v  represents  the  velocity  of  the  incident  electron.  In  this 
case  the  incident  electrons  have  an  energy  of  25  Mev,  which  have  a  velocity 
equivalent  to  the  speed  of  light  for  all  practical  purposes. 

Equation  (3.  13)  can  be  integrated  from  E  to  2  to  get 


0  (E  ,E) 
o 


jjLg--  1-  +  1. 
m  c^  2E  E 


(3.  14) 


where  o  (E^,  E)  is  the  probability  of  producing  a  secondary  electron  with 
energy  between  E  and  E^/2  .  The  integration  is  somewhat  tedious,  but 
straightforward,  and  is  not  presented  in  this  paper  because  of  its  length  and 
lack  of  contribution.  Thus,  the  cross  section  as  given  in  equation  (3.  14)  will 
be  used  in  equation  (2.  18)  to  give  the  number  of  secondary  electrons  produced 
while  the  incident  electron  passes  through  the  thickness  T.  Concern  is  only 
with  the  interactions  of  the  incident  electrons  and  the  atomic  electrons  pro¬ 
ducing  secondary  electrons.  It  will  be  assumed  that  the  tertiary  electrons 
produced  by  the  secondary  electrons  can  be  neglected  in  comparison  with 
the  secondary  electron  production. 

The  theory  of  the  secondary  electron  production,  the  probability 
of  escape  and  deposition,  the  range  of  electrons,  and  the  number  and  energy 
losses  shall  be  the  same  for  incident  electrons  as  for  photons  as  described 
in  section  2.  The  theoretical  energy  losses  for  charged  particles  will  be 
presented  next  so  that  we  can  later  compare  the  calculated  and  predicted 
theoretical  numbers. 
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(3)  Energy  losses  determined  theoretically 

The  average  energy  loss  by  an  electron  initially  with  energy 
per  unit  path  length  is  defined  by 

dE 

=  NZ  /  Edc(E.E)  (3.15) 

ds  JE^ 

where  N  is  the  number  of  atoms  per  cm^  and  defined  to  be  equal 

E^/2  .  To  evaluate  the  above  integral  collisions  will  be  divided  into  hard  and 
soft  collisions.  Namely,  hard  collisions  will  be  defined  as  energy  transfer 
between  and  some  arbitrary  value  E^^,  where  the  only  restriction 

on  E|^  is  that  it  be  large  compared  with  the  binding  energy  of  the  electron. 

Soft  collisions  are  defined  to  be  collisions  where  the  energy  transfer  extends 
from  the  arbitrary  value  Ej^  to  the  minimum  possible  energy  transfer  Ej^  , 
which  is  generally  of  the  order  of  an  excitation  energy  or  the  ionization 
energy  of  one  atomic  electron.  The  hard  collision  contribution  was  determined 
by  substituting  equation  (3.  13)  for  d  }  (£^q<  in  equation  (3.  15)  and  integrating 
the  straightforward  but  tedious  function  term  by  term  to  find 

dE  „  Zna*  NZ 

_ Sill.  =  _ 

ds  m  c  ^ 

o 

Since  interest  is  only  in  high  energy  secondary  electrons,  the 
soft  component  will  not  be  considered.  Evaluating  equation  (3.  16)  for  25-Mev 
incident  electrons  and  using  Ej_j  as  the  ionization  potential  for  aluminum 
(165  ev),  gives 

dE  „  2 

— Slti  -  0.  881  Mev/  gm  /cm 

ds 


In  £ 
E 


0.  261 


H 


(3. 16) 


67 


TDR-63-50 


This  number  will  be  compared  with  the  results  of  the  computer  calculation 
in  the  section  on  discussion  of  results. 

c.  Procedure 

(1)  Energy  groups 

Since  the  calculations  were  made  on  the  CDC  1604  high-speed 
digital  computer,  the  energy  groups  can  be  made  as  small  as  desired.  How¬ 
ever,  it  was  found  that  AE  =  10~^  Mev  was  as  small  as  needed.  Any  further 
reduction  in  a£  only  increased  the  computer  time  proportionately  and  did  not 
improve  the  calculation  significantly  to  warrant  the  change.  Thus,  the  energy 
groups  used  are  shown  in  figure  3.  2. 

The  first  energy  group  starts  at  reasons  discussed 

in  the  theory.  The  lower  bound  was  chosen  to  be  the  K  shell  ionization 
potential  (165  ev)  for  aluminum  for  all  runs.  This  does  not  present  a  serious 
error  for  two  reasons,  (a)  Interest  is  only  in  high-energy  secondary  electron 
emission,  (b)  The  ionization  potential  varies  linearly  with  Z  ,  so  for  low  Z 
materials  the  above  number  is  a  good  average. 

(2)  Sample  division 

Sample  division  is  the  same  as  described  in  section  2.c(2) . 

(3)  Attenuation 

The  energy  of  the  incident  electron  is  reduced  as  it  passes 
through  a  sample  material.  The  incident  electron  is  attenuated  by  calculating 
(using  methods  outlined  in  section  2.  c(4) )  the  energy  of  the  particle  at  the 
center  of  the  AR  in  question  and  this  is  assumed  to  be  the  incident  electron 
energy  for  the  entire  . 

(4)  Sample  problem 

The  calculational  method  is  the  same  as  described  in  section  2.  c 
(4)  except  for  the  differences  mentioned  above.  Therefore,  no  sample  problem 
will  be  given  in  this  section. 
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d.  Reiulti 

The  results  are  contained  in  table  3.  Z  (Energy  Losses  and  Secondary 
Electron  Emission  Efficiencies  as  a  Function  of  Thickness  for  25  MEV 
Electrons)  and  table  3.  3  (Number  of  Secondaries  which  Escape  as  a  Function 
of  Energy,  Average  Angle  of  Emission  and  Thickness  for  25  MEV  Electrons). 
The  data  contained  in  table  3.  2  can  be  found  plotted  on  figures  3.  3  -  3.  6,  and 
table  3.  3  and  3.  4  data  are  plotted  on  figures  3.  7  -  3.  18. 

e.  Discussion 

Figure  3.  3  gives  S  versus  thickness.  At  a  thickness  of  0.01  gm/ 

2  -3  ^ 

cm  ,  S  is  7  X  10  se/ie  with  a  constant  increase  with  thickness  to  approxi- 

*  -2  2 
mately  8x10  se/ie  (8  percent)  maximum  at  about  4  gm/cm  and  then  a 

decrease  to  4.  8  x  10”^  se/ie  at  10  gm/cm^.  The  increase  is  due  to  more 

atomic  electrons  being  made  available  and  the  decrease  is  due  to  the  attenua* 

tion  of  the  incident  beam. 

Figure  3.  4  forms  a  straight  line  on  log-log  paper  and  is  a  plot  of 
versus  thickness.  The  values  range  from  46  se/ie  at  0.01  gm/cm^  to 
4600  se/ie  at  10  gm/cm^.  One  would  expect  the  number  to  become  larger 
with  thickness. 

Figures  3.5  and  3.6  will  be  considered  together.  The  former  is  a 
plot  of  the  energy  of  escape  Ej^  and  the  latter  is  a  plot  of  the  energy  de¬ 
posited  E^  per  unit  path  length  as  a  function  of  thickness.  Adding  these  two 
curves  point  for  point  gives  the  energy  liberated  by  the  incident  beam;  this 
value  ranges  from  0.  849  to  0.  904  Mev/gm/cm^.  The  predicted  value  as 
given  by  section  3.b(3)  is  0.  881  Mev/gm/cm^.  This  is  an  indication  that 
the  calculational  method  is  correct. 

Figures  3.  7  to  3.  17  contain  the  energy  and  angle  of  emission  spectra 

2 

for  25-Mev  electrons  for  thicknesses  in  the  range  from  0.01  to  10  gm/cm  . 
The  energy  spectrum  is  a  plot  of  the  number  of  secondaries  escaping  per 
incident  electron  as  a  function  of  the  energy  of  escape. 

Figure  3.  18  is  a  plot  of  all  the  energy  spectra  as  a  relative  per¬ 
spective  of  their  intensities  as  a  function  of  thickness.  The  intensity 
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increases  with  thickness  in  general.  The  most  probable  energy  of  escape 
occurs  at  about  0.  15  Mev  for  almost  all  the  thicknesses. 
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Table  3.1 


Critical  Energy  E^  and  the  Ratio  of  the 
Radiative  Loss  to  the  Ionization  Loss  for 
Various  Materials 


Materials 

Z 

(Mev) 

(dE^/dJc)  rad 
(dEg/dx)  ion 

Hydrogen 

1 

3^+0 

0.0313 

Carbon 

0 

103 

o.ia3 

Alumin'din 

13 

47 

0.407 

Iroii 

2o 

24 

0.bl3 

Copper 

29 

21.5 

0.907 

Lead 

32 

0.9 

2.570 

Air 

7.36 

33.0 

0.230 

Water 

7.23 

93 

0.227 
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Table  3.2 


finer^jy  Losses  and  Secondary  Electron 
Session  Efficiencies  as  a  Function  of 
Thickness  for  25  Mev  Electron 


T 

(gm/cB^) 

(Mev/gm/cm^) 

% 

(Mev/gra/cra'^) 

S 

e 

(se/ie) 

"d 

(se/ie) 

10.0 

4.17-3* 

8.45-1 

4.33-2 

4.67  +  3 

5.0 

2.55-2 

8.53-1 

7.33-2 

2.34  +  3 

2.5 

6.85-2 

3.21-1 

7.51-2 

1.17  +  3 

1.0 

1.32-1 

7.67-1 

6.01-2 

4.67  +  2 

0.75 

1.51-1 

7.50-1 

5.46-2 

3.51  +  2 

0.5 

1.76-1 

7.24-1 

4.71-2 

2.34  +  2 

0.25 

2.17-1 

6.05-1 

3.56-2 

1.17  +2 

0.1 

2.65-1 

6.37-1 

2.35-2 

4.67  +1  ■ 

0.05 

3.00-1 

6.04-1 

1.68-2 

2.34  +1 

0.025 

3.29-1 

5.73-1 

1.17-2 

1.17  +1 

0.01 

3.66-1 

5.35-1 

7.06-3 

4.68  +  0 

*  4.17  X  10-3 
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Figure  3.  1  Trajectories  in  the  scattering  plane  for 
the  incident  electron  Eq,  the  scattered 
electron  E',  and  the  secondary  electron 
E.  The  momentum  is  represented  by  p 
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Figure  3.  2  Energy  groups  for  the  25  Mev 
electron  program 
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Figure  3.  9  Energy  and  angle  of  emission  spectra  for  25-Mev  electrons  incident  on 
a  sample  of  thickness  0.05  gm/cm^ 
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Figure  3. 10  Energy  end  angle  of  emission  spectra  for  25-Mev  electrons  incident  on  a 
sam|de  of  tMckness  0. 10  gm/cm^ 
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Figure  3,  1 1  Energy  and  angle  of  emission  spectra  for  Z5-Mev  electrons  incident  on  a 
sample  of  thickness  0.  25  gm/cm^ 
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Figure  3.  13  Energy  and  angle  of  emission  spectra  for  25-Mev  electrons  incident  on 
sample  of  thickness  0.75  gm/cm^ 


Figure  3.  14  Energy  and  angle  ol  emission  spectra  for  25-Mev  electrons  incident  on 
sample  of  thickness  1.0  gm/cm^ 
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4.  SECONDARY  ELECTRON  EMISSION  BY  A  600  KV  PULSED  X-RAY 

SPURC£. 

a.  Ganaral  ramarJca 

The  remarks  in  this  section  concern  a  600-kv  Fexitron  Flash  X-Ray 
System  manufactured  by  Field  Emission  Corporation,  McMinnville,  Oregon. 
The  spectrum  used  for  the  calculations  to  follow  was  measured  on  the  Fexitron 
located  at  Sandia  Corporation,  Albuquerque,  New  Mexico.  It  is  capable  of 
delivering  1200  megawatts  in  0.  1  psec  with  impulse  currents  of  2,000  amperes 
at  600-kv  a  lode  potential. 

b.  Theory 

The  theory  for  this  section  shall  be  the  same  as  section  2.b, 

c.  PtQfcAdttTt 

(1)  Energy  groups 

The  Bouchard  (19621  energy  spectrum,  figure  4. 1.  measured  at 
the  Sandta  Corporation  600-kv  Flash  X-Ray  System  was  used  to  determine  the 
weighting  as  a  function  of  energy  group.  Table  4. 1  contains  the  energy  groups 
and  the  spectrum  weighting  factors  as  taken  from  figure  4. 1 . 

The  quantity  E  N(E1  in  table  4.  1  is  used  in  this  section  in  the 

same  context  as  N_^  in  section  2.  c(l). 
m 

(2)  Sample  division 

The  sample  division  in  this  section  is  the  same  as  section  2.  c(2). 

(3)  Attenuation 

The  attenuation  is  the  same  as  section  2.  c(3). 

(4)  Sample  problem 

The  calculations  were  done  in  a  very  similar  manner  to  those 
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in  section  Z.ciA)  except  for  different  energy  groups  and  weighting  factors. 

d.  Rgauita 

The  results  are  contained  in  table  4,2  (Energy  Losses  and  Secondary 
Electron  Emission  Efficiencies  as  a  Function  of  Thickness  for  600  KV  X-rays), 
table  4,  3  (Number  of  Secondaries  which  Escape  as  a  Function  of  Energy, 
Average  Angle  of  Emission  and  Thickness  for  600  KV  X-rays)  and  table  4.4 
(Number  of  Secondaries  which  Escape  as  a  Function  of  Angle  and  Thickness 
for  600  KV  X-rays).  The  data  contained  in  table  4.  2  can  be  found  plotted  on 
figures  4.  2  -  4.  5.  and  table  4.  3-4.  4  data  are  in  figures  4.  6-4.  7. 

e.  Discussion 

Tables  4.  2  and  4.  3  contain  the  data  from  the  computer.  The  results 
of  these  tables  are  plotted  in  figures  4.  2  -  4,  7. 

Figure  4.2  gives  the  S^  versus  the  thickness.  For  small  thicknesses 

the  value  increases  to  a  maximum  of  5  x  10~^  and  stays  at  this  value  over 

a  large  range  of  thicknesses.  However,  it  begins  to  decrease  for  the  larger 

-4  2 

thicknesses  to  a  value  of  2  x  10  at  10  gm/cm 

S .  versus  thickness  forms  a  straight  line  on  log-log  paper,  figure' 

°  -3  2  2 

4.3.  It  increases  from  10  at  0.01  gm/cm  to  1  at  10  gm/cm 

-3  2 

The  sum  of  figures  4.4  and  4.5  gives  8.08  x  10  Mev/ gm/cm  for 
the  energy  loss  by  the  incident  beam  which  is  a  factor  of  three  less  than  the 
total  energy  loss.  Since  we  are  only  concerned  with  the  high  energy  component 
this  seems  reasonable  for  600  KV  X  rays. 

In  figures  4.6  and  4.7,  one  will  find  the  energy  spectra  and  angle-of- 
emission  spectrum  plotted.  The  angle-of-emission  spectra  were  all  almost 
the  same  value  (see  table  4.  3);  therefore  only  one  is  presented.  In  figure  4.6, 
the  intensities  increase  with  decreasing  thicknesses  in  general.  However, 
there  is  a  striking  difference  in  these  spectra  from  the  previous  ones  because 
these  do  not  reach  a  maximum  up  to  0.  05  Mev.  The  spectra  are  presented 
together  so  one  can  get  a  relative  perspective  of  their  intensities. 


97 


TDR  63-:?0 


Table  l+.l 

Enercy  Groups  and  Weijjhtin^;  Factors 
For  600  KV  X-rays 


^^0 

(Mev) 

\Mev  •  cm  / 

.00  - 

.05 

0.000 

.05  - 

.10 

1.050 

.10  - 

.15 

2.300 

.15  - 

.20 

2.600 

.20  - 

.25 

2.750 

.25  - 

.30 

2,600 

.30  - 

.35 

2.625 

.35  - 

.40 

2.300 

.40  - 

1.350 

.45  - 

.50 

1.350 

.50  - 

.55 

0.600 

.55  - 

.60 

0.250 
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Tktble  4.2 


Energy  Losses  and  Secondary  Electron 
Emission  Efficiencies  as  a  Function  of 
Thickness  for  600  KV  X-  rays 


T 

El 

^d 

S 

e 

Sd 

(gm/cB^) 

(Hev/gn/em^) 

(Mev/gm/cm^) 

(se/iy  ) 

(se/i  Y  ) 

10.0 

1.70-6 

8.08-3 

1.95-4 

1.13  0 

5.0 

5.42-6 

8.08-3 

3.17-4 

5.63-  1 

2.5 

1.37-5 

8.08-3 

4.04-4 

2.81-  1  • 

1.0 

3.94-5 

8.08-3 

4.67-4 

1.12-  1 

0.75 

5.37-5 

8.03-3 

4.80-4 

8.39-  2 

0.50 

8.28-5 

7.98-3 

4.91-4 

5.5-  2 

0.25 

1.69-4 

7.93-3 

5.03-^ 

2.76-  2 

0.10 

4.29-4 

7.69-3 

5.11-4 

1.67-  2 

0.05 

8.62-4 

7.26-3 

5.14-4 

5.11-  3 

0.025 

1.72-3 

6.39-3 

5.13-4 

2.30-  3 

0.01 

3.64-3 

4.46-3 

4.28-4 

6.96-  4 

*  3.51  X  10"5 
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Figure  4.  1  Energy  spectrum  from  600-kv  flash  X-ray  machine  as  a  function  of 
photon  energy 
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Figure  4.  2  The  number  of  secondaries  escaping  S  as  a  function  of  thickness 
for  600-kv  X  rays  ^ 


igure  4.  3  The  number  of  secondaries  deposited  S .  as  a  function  of 
thickness  for  600-kv  X  rays 
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T  (gn/cm  ) 

Figure  4.  4  The  energy  of  escape  per  unit  path  length  as  a  function  of  thickness 
for  600-kv  X  rays 
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Figure  4.  6  Energy  spectra  for  600-kv  X  rays  for  thicknesses  in  the  range  from 
0.  01  to  10  gm/cm^ 
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Figure  4.7  Angle  of  emission  spectrum  for  600-kv  X  rays. 

The  numbers  10,  5,  2.  5  .  . .  .  etc.,  are  thick¬ 
nesses  in  gm/cm^ 
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5.  ASSUMPTIONS  AND  PERCENT  ERRORS. 

a.  Low-Z  materials  were  assumed  (A  --  2Z),  that  is,  materials  where 
the  atomic  mass  is  equal  to  two  times  the  atomic  number.  However,  these 
calculations  apply  for  materials  where  atomic  mass  is  not  identically  equal 
to  two  times  the  atomic  number  because  there  is  a  cancelling  effect  on  atomic 
number  and  atomic  mass  because  of  the  range-energy  relationships 

used.  There  is  essentially  no  error  involved. 

b.  Interactions  are  described  by  straight-line  motion  using  semi- 
empirical  range-energy  curves  for  aluminum.  This  is  not  considered  to  be 
an  error  of  any  consequence  for  low-Z  materials.  However,  it  would  be 
better  to  make  the  calculations  for  the  range-energy  curves  for  whatever 
material  is  being  used. 

c.  The  angular  distribution  was  taken  into  account  assuming  elastic 
collisions  with  the  incident  particle  and  the  atomic  electrons.  No  error  is 
anticipated. 

d.  Attenuation  of  the  incident  beam  was  also  evaluated  and  included  in 
the  calculations.  No  error  is  anticipated. 

e.  Plates  were  used  which  are  thin  (0.  01  to  10  gm/cm^)  compared  with 
the  range  of  25-Mev  electrons  (13  gm/cm^). 

f.  Only  secondaries  (delta  rays)  produced  by  the  primary  electrons  are 
considered.  Thus  the  low-energy  secondary  electron  ionizations,  which  are 
proportional  to  the  total  number  of  low-energy  electrons  produced  have  been 
ignored.  The  error  here  is  very  small;  and  the  best  calculation  is  about 
3-4  percent. 

g.  The  integral  of  the  cross  section  for  production  of  a  secondary 
electron  times  the  probability  for  escape  from  the  surface  has  been  calculated, 
assuming  the  latter  to  be  proportional  to  the  range  of  the  secondary.  No 
error  is  anticipated. 

h.  The  atomic  electrons  have  been  assumed  to  be  free  (kinetic  energy 
after  the  collision  is  much  greater  than  the  binding  energy)  and  stationary 
(the  kinetic  energy  before  the  collision  is  much  smaller  than  the  kinetic 
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energy  after  the  colUtion).  No  error  is  anticipated. 

i.  The  density  effect  was  not  taken  into  account.  Each  atom  was 
considered  as  an  isolated  event  with  no  interference  from  other  atoms  in  the 
neighborhood.  In  other  words,  the  collisions  were  considered  as  close 
collisions.  No  error  is  anticipated. 

J.  The  Compton  interaction  was  assumed  to  be  the  predominant 
mechanism  for  energy  loss  in  the  prompt  fission  gamma  and  600-kv  X-ray 
calculation.  The  error  is  negligible  for  prompt  fission  gammas;  however, 
the  photoelectric  effect  should  be  included  for  higher  Z  materials  in  the 
X-ray  calculation. 

6.  RESULTS. 

A  summary  of  some  of  the  most  important  results  is  given  in  table  6. 1, 

As  can  be  observed  from  this  table,  the  secondary  electron  emission  efficiency 
for  600-kv  X  rays  iS  0.  05  percent  with  the  prompt  fission  photon  efficiency 
approximately  an  order  of  magnitude  greater  and  the  25-Mev  electron 
efficiency  about  two  orders  of  magnitude  greater. 

The  energy  losses  by  the  incident  photon  beams  are  approximately  the 
same  and  agree  very  well  with  the  predicted  value.  The  energy  loss  by  the 
incident  25-Mev  electron  beam  agrees  almost  identically  with  the  predicted 
value.  The  energy  loss  by  the  25-Mev  electron  beam  is  about  a  factor  of  five 
greater  than  the  energy  losses  by  the  photon  beams. 

The  number  of  secondary  electrons  deposited  per  incident  particle  is 
1  for  the  two  photon  beams  but  4,  600  for  the  25-Mev  electron  beam.  This 
indicates  that  the  electron  beam  has  a  stronger  tendency  to  produce  low- 
energy  secondaries  that  do  not  escape. 

The  energy  and  angle-of-emission  spectra  are  given  in  the  various 
sections. 

The  results  of  this  paper  give  the  experimenter  the  basic  parameters 
necessary  for  comparing  the  transient  radiation  effects  on  electronic  com¬ 
ponents  for  various  types  of  radiation  fields.  With  a  slight  modification  of 
the  results,  one  can  plot  curves  for  the  proper  dose  for  irradiating  a  sample 
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with  the  machine  to  give  the  same  effects  one  would  expect  from  a  prompt 
fission  gamma  radiation  field.  In  this  way  one  is  able  to  properly  simulate 
in  the  laboratory  the  effects  expected  in  a  nuclear  environment,  since  an 
important  part  of  a  nuclear  environment  is  the  prompt  fission  gamma  radia¬ 
tion  field. 

7.  CONCLUSIONS  AND  RECOMMENDATIONS. 

An  accurate  method  has  now  been  established  for  determining  the 
secondary  electron  emission  efficiencies  as  a  function  of  energy  of  escape, 
their  angle  of  emission,  and  many  other  basic  parameters  for  comparing 
different  radiation  fields  for  transient  radiation  effects  work  in  the  laboratory. 

It  has  been  found  that  the  secondary  electron  emission  efficiency  for 
25-Mev  electrons  is  8.0  percent  followed  by  the  prompt  fission  gamma 
efficiency  of  0.  3  percent  and  finally  the  600-kv  X-ray  efficiency  is  0.05  percent. 

The  energy  spectra  were  about  the  same  for  all  three  types  of  radiation 
fields  with  respect  to  their  intensities.  The  shapes  were  approximately  the 
same  for  Z5-Mev  electrons  and  prompt  fission  gamma.  However,  the  600-kv 
X-ray  spectra  did  not  reach  a  maximum  down  to  0.  05  Mev, 

Since  these  are  basic  parameters,  they  will  be  useful  in  many  ways.  The 
individual  experimenter  is  left  the  task  of  adapting  these  parameters  to  best 
fit  his  needs.  For  example,  if  one  is  interested  in  keeping  the  secondary 
electron  emission  efficiency  the  same  for  his  laboratory  radiation  field  and 
for  a  nuclear  environment,  it  will  be  necessary  to  plot  a  curve  relating  these 
parameters.  On  the  other  hand,  if  an  experimenter  is  interested  in  keeping 
the  energy  deposited  equal,  another  curve  can  be  plotted,  etc. 

The  600-kv  X-ray  calculation  should  be  used  only  for  low-Z  material 
because  no  photoelectric  effect  was  considered. 
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APPENDIX  A 


PROMPT  FISSION  GAMMA  PROGRAM 


This  appendix  contains  the  computer  program  and  a  sample 
printout  for  prompt  fission  gamma  radiation  from  fissions.  The 

program  was  written  for  the  CDC  1604  high-speed  digital  computer  at 
AFSWC. 
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PRINT  «&u,Y,X, *01 J) 

IF<H-2«;>  5n,5o,5? 

42  Kao 
PRINT  i,TT 

»0  CONTINUE 

GO  TO  70u  -  — - - - 

44  CONTINUE 
C*Ll  TfMPOFF 

400  FORN*T(lQX,2Fl0.3,Fl3.3,ril.2,Fl3.3/) 

440  F0RNATfli>X,8Fie.?,Fl3.3/» 

800  FORNAIflNl) 

1  -F0RN*TflNl,8X3HT»  -f  7.3//^)-  -  --- 

?  F0RN*T»?Fe.3,BFl2.3/) 

S  FORN*Tf2F5.0»F10.0>' 

END 

SUBROOTIXE  PROB 
CONNON  T»PT, RATIO 

. --lf>* - -  - - 

*JP  N  ID 
ST*  XX 

I  *C  C2 

4TA  SION 

I  n*  XX 

—  -  41  vi-—  «4» - - 

ti)  in*  C2 

STA  SIGN 
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1  *c 

T 

»TA 

XX 

Mt 

f  MU 

XX 

PTA 

X2 

1  HA 

XX 

...  - -  . 

- PBS 

.  c» - 

AJP 

H  I2> 

«  DA 

C2 

pnv 

X2 

STA 

X?? 

THU 

C4 

FBH 

- C5 - - - - 

PMU 

C6 

FMU 

XB2 

FAD 

C5 

FMU 

C7 

FHU 

t.  cta 

xa? 

FMU 

ca 

fMU 

X22 

FAD 

C5 

FMU 

c» 

FHU 

_ ppft 

xaa 

. Cl^'-  _  - 

FMU 

X22 

FAD 

C5 

PTA 

EOF 

1  AC 

X2  . . - 

STA 

X2 

-  . 

-  -  PSA 

- . X2-  - 

BTJ 

EXFF 

RTJ 

ERROR. 

A 

FMU 

CIO 

FDV 

XX  - 

FMU 

FRF 

-  -  -  - 

.  FAD 

- oa - 

SL  J 

(3) 

lai 

1  AC 

X2 

FDV 

D1 

FAD 

D2 

FMU 

X2 

-  F»*V 

- - 

F9S 

D4 

FHU 

D9 

FHU 

X2 

FAD 

DO 

FHU 

xa 

- - rw  -- — B7- 

fRB  D8 

r*«u  xa 

FAD  D9 

FHU  C8 

FHU  xa 

_  - fKg - Of_ 

FHU  xa 

FOX  C9 
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r.b 

F^''J 

XX 

f  PiJ 

PI  r. 

(3 » 

F  Nil 

SI  PM 

f  &l) 

C2 

4  PV 

RAT  10 

.  ......... 

FT  A 

PT 

RF  rtiRN 

toe 

.5 

rs 

per 

1  .F47;pN 

PFC 

n  • 

Fb 

PFC 

1. 

. . . .  -  '  - - 

rb 

riFc 

9. 

P7 

flFC 

7. 

rb 

r  PC 

5. 

rv 

roe 

3. 

-  ■ 

n  0 

[,FC 

-.5641006 

B) 

DOG  • 

105. 

- -  __  - - - - - - - - 

ny 

nee 

.076923PO 

P3 

nee 

• 

D4 

rec 

.09o9o9n9l 

n** 

rec 

.2 

06 

rFc 

.11111111 

fi7 

nee 

.25  -  . 

... -  - - - 

ne 

pee 

.142857141 

09 

pee 

.6 

.... 

010 

nee 

1.128370? 

•  ION 

PRS 

1 

XX 

pss 

1 

1  '  ~  . ' 

Xl’? 

PSS 

1 

FRF 

OSS 

1 

- . . 

RXPF 

1  19 

FXPF 

FNI) 

SUBROUTlie  TIMEON 

4- 

RMA 

00008^ - - 

- ClSAR-ACCOMiltATOO^ - 

fc 

FXF  7 

OOOllR 

test  CPANNFi  1  FOR  ACTIVE. 

sta 

OObOO 

CLEAR  TLOCk  CONTENTS  TO  ZERO. 

4 

FXF 

OlOOOR 

START  rtOCK. 

RETliPN 

ENO 

SliRpOUTlPfe  T 

IHEOFF--  - 

-  — . .  —  - -  - 

4 

AOP 

DUhhY  STATFhENT. 

- 

PXF  7 

OOOIIB 

test  Cf-ANNFL  1  FOR  ACTIVE. 

.  FXF 

o?nnon 

Slop  TFE  RFAL-TIhE  CLOCK. 

1  OA 

00000 

CLOCK  pontfnTS  to  accupulator. 

FTA 

KLOCK 

CLOCK  rONlENTS  TO  •KLOCK*. 

TIHF»F| OATF< 

KL0CO>/360«.fl 

-  - ...  -  - - - - - - 

PhIKT 


PtTDPN 

1  F0PH*Tfl1HlPUN  TIMF  rr».J»,9H  P?NIJTES,//) 
pno 

(  NIJ 


IZl 


s. 

®AV 

Eav  S« 

(Mev) 

(Mev) 

(ee/lY) 

(deg. ) 

(Mev  Se/ly) 

•  Of 

.1 

1.67  4§«  0  0  3 

4u.i2 

8. 3716-006 - 

.10 

.2 

3, 0546«o  u5 

36.99 

4.581P-004  - 

.3 

4,0949-003 

34,37 

1.024P-003 

1 30  -  - 

-  ,4,j- 

3.4146.003  -- 

32.86 

1,1956-008 - 

i4u 

.5  . 

3 . 2&69. 0  u3 

31.23 

1.4666-003  - 

.■*0 

46:* 

1.620E-0U3 

28,80 

oa  JO 

l.OOlF-003 - 

....A  — 

-»6tj - 

- .7»^— - 

-1.32ee-vo3 - 

.70 

•  .8-* 

1.6396— 0u3 

-27,99 

1,3796-003 - - - -- 

•  60 

*9v 

'  1 4  32dF«0  OS 

28,71 

9ii  .ua. 

1.1286-003 -  - 

_ k.  _ 

. .90  — 

1.00 

— - 1  .-ft-ii — 

i.i-» 

“•rViee— o«- . . 

4.2146-004 

24.86 

4.42*6-004  - . 

1  •  i  (I 

1.2*  - 

4.4626-004 

24,48 

9 1  .  k4 

9,7326-004 

_ 7  BiAc.-aA — . . . 

— l.eO — 

- Htro-'t-— 

•••♦rsTTfe— 00-*  ■■ 

i.3o 

1*4'.  •  - 

4,1046-004 

23.12 

* , 5406-004  . * . 

1.4o 

1.5*i 

1*6936-004 

22,28 

2,7446-004 

— 1 .  i>0 

- -  - 

— 3r969fe-O0*" 

•  It 

e.toer— wv— 

1.00 

1.7 

3,2906-004 

21.44 

9.4886-004 

t.7o 

1 . 6  j 

V.68i6-0o9 

80.76 

1,7896-004 

l  t4v - 1.7389-094  - 

-80,80 

-3,2046-094 - - - 

1.90 

*'.0-.* 

1.6116-004 

80,11 

3.9316-004 

8.00 

2.1  f 

1.0906-004 

19.75 

8,2396-004 

-8.iO~ 

2.8'^- 

-6,6296-00*  . 

19,19 

1. 2*36*004  — - - 

l.80 

2.3. 

l*l0OEeO04 

18,96 

8,4796-004 

f.so 

2.4  1 

7.9696-00* 

18,78 

1.6776-004 

l,4o -  -  17.99  -  1,3EH-094 - - 


124 


Se 

®AV 

(Mev) 

(Mev) 

(•e/lY) 

(deg. ) 

(Mev  Se/lr) 

i!.90  - 

2,6 

4.664E-0U9 

18 . 16 

1.189F-004- 

2 1 6  0 

2 , 7  1 

9.6760*009 

17.66 

l.9u4e-004  — 

2.7o 

2.6  ' 

8.0976*uu9 

17.46 

9,6970-009  - 

E 1 8o - 

- 2r9->-  ■■ 

lr»6U^ - 

E.9u 

3.0  1 

3.413E*009 

16.68 

-1.0070-004  - . 

8i  ur 

3.1  • 

i.2?2E*0tj9 

16.69  - 

3.728F-009 

«*lff - '5*^ - 1.»64E«ot)5 - i6.28 - 8-.lS6E*089 - 1 - 

8.20  '1»3’  ii.l4aE«00»  18.13  -8.957F-009  - 

a.3o  3*4  1.54de»005  19.98  5,l86F-009 - 

8.4p - ^*9-* - Ir»l936»0tj5 - 19,-39  - -3.98ot--089 - 

8«9o  --9,756E»eo8  -  -  19, 6»-  3.463E«099 - 


8,6o  i,7ri — 9.9l7E*tie8 - 19.34  3.983E*oe9 


-9r7ir~ 

- 8r — 

— 7«686E*096 — 

9.122E*006 

— — 14-J92" 

-8T9e2F*009 - i 

8t6o 

3  *  9  - 

- 19, 03 

1,9720-009 

8.9o 

4,0  1 

4,2uUE*0t)6 

-  14,79 

1.699E-009  - 

-4,-tro — 

4  — 

— «»878E*0V6 

»9'o  Tv 

1 . 1660-009 

4,10 

4.-2  > 

4,277E*006 

- 14,30 

1,7750*009 - 

4.20 

4i3u 

lt9O0E*UU6 

14,49 

8,0770*006  - 

4j  3o - <»j4:t - 8,498E*008 - 14,21-  -  I ;  o97E«089-" 


4,40 

4i9j 

2,978E*0U6 

13,84 

1.3250-009 

4,5o 

4.6  ! 

l,6e3E*006 

13,97 

8.9670*006 

4.60 - 

-4.7-. 

— 6.071F*od7 - 

-  13.63 

-2,8230«-oO6^ 

4,7o 

4.8.! 

1.216E-006 

13.59 

9,7760-006 

4,8tt 

4.9. 

4,837E*UU7 

13.99 

2.3460*006 

4,90 - 

-  9. 0i>" 

— 2,338E«0U7 - 

-  13,41“ 

-1.1970*006 

1Z9 


k 


(Mev) 

&  *  tti* 

(Mev) 
^>.1  • 

(•e/lY) 

l.l?7F-uu6 

®AV 
(deg. ) 
12. u5 

EAvSe 
(Mev  Se/ly) 

5.945F-00A  - 

>«6u 

^*7 

>49lftF-007 

12. 

3.344F-006 

^.8U 

^>.9 

2  4  96o6<*(.tu7 

12.1)5 

1.732F-006 

6tW0 

^ ,  i  . 

2.225F-0U7 . . 

12. u5 

1.346F-0U6  - 

6  •  1  (j 

*>42  • 

7442iF«ijiiF 

12. u5 

4.564F-007 

. 

• 

■  -  -  - - 
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i 


r 

T«  O.fOO 

(deg. ) 

e 

u 

(deg. ) 

Se 

(•e/lY) 

IP.UO 

J4.no 

2.362P-nnP 

i».on 

j  ''•no 

1 . 643F“004 

iiH.on 

j^-no 

3.749F-0n4 

IP. on 

20.00 

9.564E-004 

2n.oo 

22.00 

1.438F-on3 

2p.n() 

24.00 

2.923F-003 

2>».on 

2^.00 

3.054F-on3 

2P.on 

2«.0U 

1.605F-003 

2P.on 

30*00 

3.747E-no3 

In  .On 

?2.nO 

2.!j94F-0n3 

3?.  on 

34.00 

2.614F-003 

3  ^  •  0  p 

3n.on 

2.27?F-n03 

3f.on 

3».on 

2.377fr-ft03  i 

( 

4n.nn 

42.00 

1.9!>3F-003 

^2. OP 

44.00 

8.96lF-n04 

4«i.on 

46.00 

7.68FF-n04 
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APPENDIX  B 


25-MEV  ELECTRON  PROGRAM 


This  appendix  contains  the  computer  program  and  a  sample 
printout  for  2S-Mev  electrons  from  a  linear  accelerator.  The  program 
was  written  for  the  CDC  1604  high-speed  digital  computer  at  AFSWC. 
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T.PT.^^ATin 

n  ^  S  I(l^  A  ( 130  » •B(  1  ’0  >  <  l-in  )  *  Aij(  1^0  ) 

l1lM^  ►  Siui-  ypl.(l3n>.vtnP<l3t)).XSSl  (l3n).X^S0(l30) 

CALI  IlhhON 

r(|(1ri''>. 

WHA^  '-ijs  ,  35l  *boo- .  0‘^n? 

Alp^  '  57e>2*RHA«'>‘j 

ACC= .  ‘J 

ACCi «1 .-ACC 

ACC2=1.-ACC* .5 

Arc;'B.'5/ACc2 

Pk-LH  01 

IXXci  0 

COWST 

WAT l"  =  1  . 

r  =  -i .  / . *>76? 

CALl 

WA  r  I  '‘  =  P  t 

1  WfrAl'  AlflT 

f  >  Ao,2 

y  l)(l  3  J»i*130 

A ( J  >  »U  . 

C<  JieO. 

Am  j)so. 

VEL<i>»Ut 

vEnt-< 

Vii<?l  <J)aii. 

3  yssn<j)«').  . 

KKKsii 

SENS'-  I  I'iHT  2 
WSTa-H  *T1  *At:C? 
f'ELi  -- 1  =  r (*Ai:0 

P  =  HS 1  art 

'lELf  «IIFLEST  ... 

A  = 

rhKa*  KK  +  1 
I)E|.E  =  mFL>1 

Ta  (  T  I -P-I-BAH?!>)  /  ALf’-'A?’’ 

CALI  HRiJW 

n  -=1  -  --  -  - 

pyEi  I  I  • .  '5 

HFi.  X  B  1(1  t 

*  1  sT-»  I  (■  I  X 

ft  CALI  PRUb 

HEl  '  BlU  l  A  •  ,  *5 

!  E  <  I  I  -pyw  »  7  »  ” 

7  1  iT-'  '-I  X 

(F  <1  X>  ft. ft,** 

E  W|  SA'  -  (  I  -11  »*Al  EHA-yS 

(•(!  ;  I  '  I  (•  ♦  ,  (I  7n2>/.3w, 

‘-II3I  (M  E  (EO.EilOE 
t-li  As  ►  'i  •ri! 

1  E  ,1  *  '  .  /  '  'i2 
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1 


(-  X  S  t  »  .  •’ 

. 

sbl  -  I  . 

I  AGs:-'  ! 

1.  1  p  *  I  X  V  -  t 
SfNs*-  I  I'’HT 
0  f: )  *  F  >■ 

10  SK,i>-'.  .<  6*l'Fl  F-*<TPi'*l  ./«!/£■>♦  L./(E0 -hi )/ {<=0 -g<!>  > 

(-BAi- r  ,F1, 

COSIl  4  =  1 .02n''*hfiAh/e:..^lF‘«CbAf«*(  l.i'2a*’FHAH  »  ) 

THci  ,.  =  ti.i:sr(<;osTw)*“>'».?^'’7;9s 
I  f  (  ^  ^  AR->' .  4  )  l2.11.11 

1 1  K  li  A  f  s  ,  .1 P  1  *  F  A  H  -  .  (1  7  n '/ 

lid  1"  1-A  ... 

12  (jfc.Ai=.27**(hhAP»*(1,26‘’'.0954*LUiiF<fc^^AW>') 

13  St-»(  "NRl -S  t 'il2^l'FLB 
At  Pi  '  -w‘;-b*,b76J' 

T  =  <>  /CdblH-WlARJ/Al  i-'wA 
TIM 

CALI  hpd- 

PL.»1.-Ht 
Sli  s«;F  *P  J 
SlaFt'-Pr 

♦‘‘L 

,  ssnr'''Sf)*'‘0 

Pxf  • 

npi.  - 

If  <V|  J  14.14,15 

14  St  ail  . 

F  =  (J. 

A ( 1  )aA< 1 )-1  . 

THFT*-=0. 

SO  1 "  ?1 
lb  TsT<*'  t-|  * 

16  CALI  hP'i’^ 

MPLVadFl.)'*.^ 

IF(t  l-PXh)  iV.lP.lb 

17  T=r-’'htX 

IF<^  .h-6-OFI  K)  1''.16,lA 
1H  *1a>-  =  (T-T1  laAlfwA 

I f  ( t  I  tiAH- . 7/ >  tV.gn.PO 

k-si->l  1  <  <1  ,?6S«^(g'|F(1  ,A»-,3blA«LdGF(Hl  PAH/,?73)J)  / 

'.(I  1"  yi 

;’li  hs(i,|  HA<i4,o7u?)/.35i 

91  Pspt' 1F<i-.F»'Ah» 

vg-'  I  wp 

XO/r I SF^-HAh-xO) 
hi  an  ♦YU 

hnPa-i)p4HJ7 

x«l.*.,->  l:  Tr<hHAP*lft, ) 

Yf-L'"  »47U  . 

ypO.  iK>»>Ef1P<K)4«(J' 

YS**!  «  n  »  ■  YSPL  »  i0  4«L 
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.  I  r  y  )  r  I  I-  I  '■  *  1  + 1 

A  (  ,)  1  J  '  >1  , 

“I  ( ,n  r-t-t  ( ,i>  ♦tmItta 
r.{  J  ,1  ) +SL 
isy  I-  if<  f 
A(J(>)  -Aft  J)*S| 

I  !  >»rl  lH-»? 

IMI  IP-I'X)  <*5. 

',VJ  (  I  Per 

I  Afirl  AR^I  _  __ 

(F(i 
I  aRe'i 

HHl"  I  4,(.TT<fc0.l'PLF.''KK.>» 

,'4  PHIfT  4^.ei  .^'F.h.XO.^l  .>02.6np.SL.SSL»Slj’.S<?D 

Oei,F  alJFI.'-l/l  It  . 

‘^*9.'y'7  . 

r?  nti.F -iHf  Li-i/i tiQ . 

(F  (  .  “FLO  9,9.0*- 

pH  IF(st-N<;t:  LK’HT  1»  OV,30 

pp  FI 

F/'i  . 'Ul01'-5  _ 

I'FI.  F  »H1 -H  2 
f-ifi  -ri'  111 

Ui  PHUT  AU.ei  «Pfc,P»XO,H  ,X07.EnP*SiL,SSL,SD,SSU 

wsM< -CCl 
nFLF»lJFl."'*ACf^l 
IF  (t  3i,ai  ,4 

55  IF  <S**NSr  LtflHi  P»  5P,37l  •  ” 

i^  =  H«AOn.I 
DEUt-  ■H*?  . 

RO  51'  4 

55  PH  li  T  49  .  TT 

St:L  e  II  « 

sEOh^u  .  . —  .  .  -  . 

HlJM(  au. 

SIMI  *0  . 

no 

I  F  (  , ''til  (  w  )  ♦XSsniJ)  )  ME, 34, 14 

5  4  FM  =  i.O-,l  _ 

I  =L*5 
El  3F  .1/5  il  . 

P2aF  I 1 
RELs'^Pl  ♦•fcl  IJ) 

SEOI  «SFi)P  +  Xfcnp(  J) 

SUH|  aSli*1l  ♦XSSLC  J5 

='>llHi''*'XSSn<  J)  . . 

PH  1 1  '  44,E1  ,FP,XFLf .))  .SEl  ,  <EnP(  J)  ,Sfcnp.XSt.|.(  J)  ,S'IML.*RSU<  J)»4||MD 
IFII-P'^)  .14,. 1ft,  34 
1b  I  so 

PH  I  I  'l  40,  TT 
16  OfliJI  I  NIIH 

1=0  . . . 

PH  U  T  4i) ,  TT 
no  ?>'  JS1,13H 
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J0,39.?7 

T/  l.  =  L*1 

F  J  =  .i-  1 
•  s  F ,  I  /  1  (1 , 

Y  =  )(+  .  ' 

y  y  a  ( y  ♦ .  II  ^3 )  *(;  (  j ) 

PHlii  4'.».x.v.c<J>»7,yy 
IF(1  -y'S)  39i3g,3«< 

:«H  t.«n 

PKl^l  4fi.TT 

•<9  nONTfNtlH  . 

1=0 

PHIr I  46. TT 

no  ^1'  j=i.5(i 

1F(  <!'  (  J)  )  ‘5(1. 50. *51 
■51  I.  =  L-»1 

ys.j*/'  . . — 

Yay-?. 

PK1^■|  55.Y.X.A0(J) 

TFd  -P‘5)  5n.‘>n.^»P 
‘'P  L  =  0 

‘‘HIM  40, TT 
•^0  '■'ONTINIIH 

HO  Ti  1 

‘•U  OALl  riHFOFt- 

41  F0R‘ ‘ T(FIO.U) 

4ie  FORF'i  I  l(iX3HT  aF»».3,HH  6m/ JHP,  !>X4H61i  «F9.4»t>M  KfcV ,  5X6HDbl  f  • 

lF7.4,ftM  FbV...lX?PH(  .  Rm/C' 1 X/ )  ) 

43  FO^fOl  <F».3,F*5.5,FP.’,«M2.3/) 

44  FOHcAr(i!F7.i',rtFl?.3/) 

4^  FOHi-4  f  <  liiX.PFl  O.P,*:!  .  5*«’l  1 .9.-^l3.3/  ) 

46  formA  ruFi,i.fix,3HT  «rp.*,VH 

‘‘6  F(H^  4  r(  3  iiX,  pFin.  P.PI  3.3/  » 

FNO 

SijflKiKT  i"it  PH()H 

COHt "N  r.PT.HATin 


1  ('A 

T 

4, IP 

<1  ) 

stm 

XX 

1 

CP 

vT« 

1  liA 

XX 

(4) 

1  HA 

CP 

sta 

SlfiN 

1  •'  (/ 

T 

Vi  A 

XX 

f  -MJ 

XX 

VI  A 

X? 

1  HA 

XX 

)  SH 

03 

A. IF 

K  (?) 

1  PA 

r? 

f  'IV 

X? 

vt  A 

X?? 
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h  Ml 

C4 

C5 

P  >  11 

C6 

^  r  U 

X2'^ 

^  A  n 
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APPENDIX  C 


bOO-KV  X-RAY  PROGRAM 


This  appendix  contains  the  computer  program  and  a  sample 
printout  for  bOO-kv  X-rays  from  a  pulsed  X-ray  source.  The  program 
was  written  for  the  CDC  1604  high-speed  digital  computer  at  AFSWC. 
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